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ERRATA 


Transactions, (1932) 


(36) 


Page 62, Fig. 28(b), the equation, should read, 


Page 424, Fig. 17, should read d)”. 

Page 425, Line 28, “45%”, should read, “45°”. 

Page 427, Line 12, for “The factor, read, “The factor, 

Page 427, Line 14, for (3)”, read, “Equation (4)”. 

Page 428, Fig. 20, “Values should read “Values 

Page 428, Third line from bottom, “(Fig. 22)”, should read “(Fig. 23)”. 

Page 428, Second line from bottom “(Fig. 23)”, should réad 22)”. 

Page 429, for read 


Page 430, Equation (23), should read, 
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WEIGHTS METAL STEEL TRUSSES 


Synopsis 

From the ten sets curves this paper designer can read the ratio 
the weight metal truss (per linear foot) the total vertical load 
(live, impact, and dead loads per linear foot) for which the truss 
proportioned. They apply simple truss, cantilever, and arch spans, for 
railways, highways, and combinations both, designed either with carbon 
steel with silicon steel. 

Modifying formulas data are given cover uneconomic proportions. 
the use high-alloy steels, and variations the specified intensities 
working tensile stress for carbon-steel structures. There are also four sets 
curves showing total weights metal per linear foot for classes 
bridges. These curves are inserted for the purpose enabling the computer 
determine his trial total load. 

The paper concludes with table indicating the the “spot- 
checking” the percentage ratios, shown the diagrams, means 
score spans for which the truss weights had previously been accurately 
determined. Only the last two these cases were utilized the prepara- 
tion the ratio curves; hence the others serve absolutely unbiased 
check the accuracy the diagrams. 


bridge computer were able (generally within minute so) find 
diagram, for spans any reasonable length and for the usual types 


February, 1985, Proceedings. 
Engr., New York, 
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WEIGHTS METAL STEEL TRUSSES 


structure, the ratio weight metal per linear foot truss the total 
vertical load per linear foot that truss designed, would 
saved much time and trouble. The writer has attempted supply that 
need collating extensive office records accumulated practice, and plot- 
ting them the form curves for the use the 

The results obtained are sufficiently accurate for preparing preliminary 
estimates cost and for determining dead loads. fact, they are ac- 
curate that, when properly modified for variations the intensities working 
tensile stress due using design specifications other than those recom- 
necessary because any serious discrepancy between the assumed and the 
calculated dead loads. would futile attempt attain greater accuracy, 
because each bridge any importance has some individuality its 
own, tending cause slight variations from the most accurate any 
weight-of-metal ratios that could made. Furthermore, each designer 
has personal idiosyncracies that affect the weights the trusses computes, 
and there quite perceptible difference the metal weights between struc- 
tures which are truly first-class every particular and those only mediocre 
excellence, those that have been “trimmed” the limit. 


will noted that Figs. include simple truss spans, cantilevers 
both Type and Type (Fig. 6), and arches; but they neither 
suspension bridges nor bascule spans. little thought will convince any one 
with experience bridge designing that would not feasible plot the 
last two types. 

The curves cover trusses both carbon steel and silicon steel; and formulas 
are given herein for converting values the weights metal for silicon 
the corresponding weights for all feasible alloy steels, those 
having limit 100.000 per in. They embody and 
double-track bridges, modern highway bridges 20-ft clear roadway 
without sidewalks (the cheapest legitimate type structure), and those 
40-ft clear roadway with two 5-ft most common dimensions 
for first-class structures). For any other cross-section floor, the desired 
“percentage ratio” can found interpolation extrapolation, remember- 
ing that, establishing the equivalent total width floor, the sum the 
widths the sidewalks must divided 

the preparation Figs. the live loads for railroad bridges were 
those identified Class “Bridge Engineering,” and those for highway 
bridges were taken from curves presented elsewhere the will 
noted that only three standard live loads have been utilized. 

Figs. 1(e), 1(f), 3(a), and the truss weights include the weight 
the metal the bents above the The reason for inserting 
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WEIGHTS METAL STEEL TRUSSES 


‘bon Steel; 


teak 


Simple Trusses; Carbon Steel 


16 


Weights of Metal in Thousands of Pounds per Linear Foot 


Double-Track, 
4 


Weights of Metal in Thousands of Pounds per Linear Foot 


Single-Track, Simple Truss; 


Length of yo in Feet 


Figs. 3(a), 3(b), and aid computers finding the trial total load 
per linear foot for any proposed structure; after doing which the “percentage 
ratio” can ascertained from one the first ten diagrams and another trial 
made, necessary. 


example how computer would proceed with new problem, 
consider the design 450-ft, simple-truss, highway span, with Class load- 
ing, 30-ft clear roadway, two 8-ft and trusses silicon steel. The 
first step determine the character and weight per linear foot 
the flooring for both roadway and sidewalks. Assume that this weight found 
4300 The next step determine the approximate weight 
metal (generally carbon steel) the floor system and hand-rails, well 
that the lateral system, which should silicon steel. From 
pared the weight metal the floor system and hand-rails found 
about 1650 per lin ft, and that the lateral system about 
540 per lin ft. The live load would found 360 
per lin ft, and the impact,’ 360 or, say, 450 per lin ft. The truss 
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WEIGHTS METAL STEEL TRUSSES 


weight might assumed 000 per lin ft. Adding these quantities makes 
the total load 300 per lin ft. 

From Fig. 1(b) the percentage ratio for 45-ft equivalent roadway 
found 0.237 and that for 20-ft roadway, 0.285; the equivalent roadway 
width ft. Interpolation between these values yields 25%, which, 
applied the total load 300 makes the check truss weight, 300 
0.25 3325 lb. This indicates that the assumed truss weight 000 


(a) Type A, Cantilever Bridge 


(b) Type C, Cantilever Bridge 


was too small, and the value raised 3400 lb, making the total load 
closely enough serve the final truss 


The “total loads” per linear foot comprise live load, impact load, 
load, the latter including the flooring and the total weight 
course, the truss dead load excludes the metal the piers the anchorages. 
determining the equivalent uniform live linear and the 
corresponding impact load for any cantilever arm, the length span to’ 
used the sum the length one cantilever arm and that the suspended 
span. finding the average uniform live load plus impact per linear 
for the entire structure, not take the direct average for the 
three distinct parts it; each value computed must multiplied the total 
length that governs, the three results added, and the sum divided the 
total length structure. The same method apply the finding the 
average total truss load per linear foot, and the average weight 
metal per linear foot, for any cantilever bridge. 


determining the weights metal.for the curves, economic pro- 
portions layout were assumed. designs must utilized, 
the weights found from thése curves will need modification, shown the 
text following. 

Type Cantilevers—For greatest economy metal, the length ‘of the 
anchor span should times the total the structure. the pro- 
portion from this, the average metal per linear 
foot will have multiplied one the quantities givem Table 
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WEIGHTS METAL STEEL TRUSSES 


CANTILEVERS 
Ratio of length of Multiplier for Ratio of length of Multiplier for 
anchor span to total weight given anchor span to total weight given 
length structure diagram length structure diagram 

0.31 1.10 0.35 1.01 

0.32 1.08 > 0.36 1.00 

0.33 1.06 0.37 1.05 

0.34 1.04 0.38 1.19 


Arch the greatest economy metal two-hinged and 
three-hinged arch bridges the ratios rise span are follows: 


Spandrel-braced structures, with hinge above. .0.225 0.275 


For hingeless arches each the foregoing values must increased 
0.05. The variations weights metal arches caused the adoption 
uneconomic ratios rise span length have never yet been determined. 
For this investigation not worth while make special designs for 
number arch bridges order find them—especially view the fact 
that the economic ratio for any case has fairly wide range (0.05), which 
about 11% either above below the average the economic ratios. 

Uneconomic Truss variations weight metal simple 
trusses caused the adoption uneconomic truss depths almost invariably 
occur deck spans, due restricted vertical distance between clearance 
line and grade; and, these cases, parallel chords are always used. 

The correcting ratio, determined thus:. Let weight metal, 
pounds per linear foot, for truss economic depth, and weight 
for any other depth, d’, less than 

The weight, about equally divided between the chords and the web; the 
chord weight varies almost inversely the depth; and the web weight varies 
almost directly with the depth; hence, 


and, 


ror Trusses 


find the weight metal for any alloy-steel truss, with elastic 
limit, sy, all that necessary ascertain from Figs. the weight 
truss metal for silicon steel, and multiply by: 


0.3 0.7r, for medium spans (less than 500 
0.25 0.75r, for fairly long spans (500 ft); and 
0.2 0.8r, for very long spans (more than 000 ft). 


| 


WEIGHTS METAL STEEL TRUSSES 


the foregoing values, (45 000 being the elastic limit for 
silicon steel). For example: What the linear weight truss metal 
simple-truss, double-track railway span 500 ft, when alloy steel 
000 elastic limit utilized, the total load per linear foot being 000 
for silicon-steel bridge? 


For silicon-steel bridge, Fig. 1(a) yields ratio 0.272; therefore, the 


weight truss steel 0.272 25000 6800. Furthermore, 
and 0.3 0.7r 0.75. Therefore, the weight required 


The curves can utilized for design specifications other than those 
“Bridge Engineering,” because the main factor modifying the weight 
metal the comparative averages the ratios the principal intensities 
working stresses the two cases. The final average exactly that 
the two specified intensities working tensile stress. The intensity 
specified “Bridge Engineering” for steel 16000 per 
and that for any more modern set bridge specifications likely 
greater—in most cases much 000 per in., and extreme cases, 


20000 per in. the new intensity denoted s:, then 
will the value the ratio, 
Figs. indicate weight, for the writer’s specifications, the 

corresponding weight for the other specifications will be: 

(0.8 for short spans (less than 500 ft); 

(0.25 0.75r) for medium spans (500 000 ft); and, 

(0.2 0.8r) for long spans (more than ft). 


For instance, the intensity tensile stress for carbon steel the other 
specifications 000 per in., for span medium length, will 


000 


addition double checking the writer all the calculations made 
for this paper, the curves have been “spot-checked” his firm’s office force 
through reference recorded results both actual and computed weights 
metal, for structures engineered during the last two decades both him- 
self and his present firm; and the outcome this spot-checking has been 
eminently satisfactory, can seen reference Table the last 
two cases were the only ones this table used preparing the first ten 
the diagrams given herein, the other seventeen cases provide unbiased 
check upon their reliability. 

the Portsmouth (N. H.) lift-span, for the sake the chords 
were made parallel, whereas the top chords the two flanking spans, like 
length, are polygonal. The economy the parallel 
Column (11), Table accounts for the pronounced variation between the 
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computed ratio and the one found from the The acksonville 
the Tombigbee River, and the Cape Cod Canal Bridges were very carefully 
computed; but they have not yet been built. 


Foor- 
Ratios 
idge, in, 

linear curves 

foot 

Springfield, Mass......... 2] 163.3] 5& 730 858 | Carbon | 15.0t) 12.9 
Saratoga Lake, N. Y..... 1] &} 200.0) 6 500t Carbon | 12.4t} 12.8 
Tombigbee River, Ala... . | 207.0 | 14 100 Carbon | 15.3 | 14.5 
Tombigbes River, Ala... . os 161.0 | 15 940 | 1.810 | Caron} 11.4) 11.3 
Albany, N. Y..... 2] 6] 222.0) 18 320} 2 174 | Carbon} 11.9 | 12.0 
Albany; H 6} 341.0 } 19 400 | 8 090.| Silicon | 16,0 | 16.0 
Jacksonville, Fis......... 21] 6} 264.0 | 13 680} 1 800} Silicon | 13.2] 12.5 
Portsmouth, N. H........ 1] 6} 207.1} 4 340 870 | Carbon | 20.0 | 20.6 
Portsmouth, N. H........ 1} 6| 297.2} 4 660 906°} Carbon | 20.6 
San Mateo, Calif......... H 297.5 | 7 620} 1 .620.| Carbon; 21.3.).20.0 
Newark Bay, N.J........ be 299.0 | 26 450 | 3 700 | Silicon | 14.0) 4.2 
Lexington, Mo... APN 408.0 | 6,952 | 2 040} Carbon | 29.3 | 29.3 
Lexington, Mo........... 246.0 | 6 290 | 1.092 | Carbon} 17.3 | 17.0 
Cape Cod Canal, Mass... 544.0 | 14 920 | 4 880 | Silicon | 32.7 | 32.2 
Charleston, 8. C......... i os 640.0 | 6 284t] 1 726%) Silicon | 27.5t) 27.2° 
Charleston, 8. C......... i | {1050.0 | 7 2 971) Silicon | 37.93) 37.0 


Number tracks indicated for railway bridges. 
Average for two trusses different live loadings the same span. 
t See reference to this item in the text. 
The large variation recorded for the Springfield (Mass.) Bridge (Column 
(11), Table due three causes: 


(a) The bridge deck-span structure; 
(b) The truss depth only seven-tenths depth; and, 
The chords the four trusses carry, bending, portion 
the flooring and its live load, each chord acting one. 
the stringers. 

Referring the Charleston (S. C.) Bridges, all the values Columns 
(8), (9), and (11), Table were determined the method out- 
lined. The total loads, the weights metal trusses, and the computed 
ratios” are the averages for the total length structure; 
that is, they cover the trusses the suspended span, the two cantilever arms, 
and the two anchor arms Type cantileyer bridge. 

good idea the accuracy the “percentage ratios” given 
the diagrams may obtained from the following analysis Table 


(A) The variations, regardless plus minus signs, between the 
computed and diagrammed ratios, omitting from consideration the Ports- 
lift-span, per cent. 

corresponding average the when the plus and minus 
signs are duly considered, 0.8%—showing that, general, the diagrams 


E 


“under-run” that The thig under-run, undoubtedly, 
that few cases the truss weights were somewhat greater than usual, 
owing some slight abnormality the governing conditions, whereas all 
the curves were determined, closely practicable, for truly economic 
structures. 


When one considers all the causes that may affect the weight of. metal 
in, any truss, especially the unavoidable idiosyncrasies bridge designers, 
average variation less than 0,5% truss weights very small indeed; 
and extreme variation (unaccounted for) less than 1.5% means 
excessive. 

useful deduction can drawn from the computations the span 
the proposed Bridge. They were made cases—carbon 
steel, silicon steel, ordinary concrete flooring, and open-grating 
flooring. The corresponding truss weights were, respectively, 930, 
and 750 per lin ft, indicating saving metal from the lighter flooring 
those the silicon-steel structure. There was also, course, further 
ing metal the floor From the sum the money values 
these two savings, any case, must deducted the extra cost the floor- 
ing itself. this case the showing favored the open-grating floor. The 
longer the span the greater the net saving thereby; and evidently 
much more pronounced carbon-steel structures than silicon-steel 
structures, 
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SHAW WEIGHTS METAL STEEL TRUSSES 


DISCUSSION 


quick determination the weights metal bridge trusses are made avail- 
able this paper. The curves should effect tremendous saving time 
and effort which heretofore have been necessary making preliminary studies 
proposed structures. the intelligent use the graphs presented, 
should possible for the bridge designer eliminate, promptly, several 
span-length combinations and types trusses which, first, might appear 
worthy 

Although the paper obviously primary importance the bridge 
designer, the methods suggested may used great advantage other 
engineers, especially those engaged the location railways and highways. 
“easy” country, the locating engineer not greatly concerned with the 
type structure later adopted for crossing the various streams encoun- 
tered. His main problems have with securing reasonable alignment 
which will permit dropping, easy gradient, down elevation not far 
above flood level and point resulting the least possible length bridge 
and approaches. Although gathers data regarding flood flow, navigation 
demands, and (perhaps) makes something study foundation condi- 
tions, general, his activities and interests are quite fully divorced from 
those the designing engineer the bridge department. 

The situation far different when locating railway highway 
more rugged region. The engineer must have available for convenient use 
the field the means determining, with reasonable accuracy, the cost 
various alternate types structures varying span lengths, 
secure “the best location which the country affords.” 

concrete illustration the foregoing, the writer recalls railway 
location survey which was made Northern Mexico Within 
distance less than thirty miles, the projected line crossed three large 
arroyos. One these arroyos was nearly mile wide, with adjoining topog- 
raphy which permitted easy development low crossing but, for the other 
two, there was alternative between high viaducts considerable length 
and low crossings involving excessively heavy work and objectionable 
alignment. 

The line was constructed originally located, with low crossing the 
first arroyo (which was obviously proper) and high crossings the other 
two, although the writer not yet satisfied that the most economical location 
was secured. serious effort was made balance the costs alternate 
plans, and for this purpose, the engineer was furnished with certain amount 
assistance the form assumed cost data, but these data were doubt- 
ful authenticity and were neither sufficiently flexible nor comprehensive. Had 
the material then been available, which the author has presented, the problems 
could have been studied intelligently, and reasonable assume that 
more economical location would have been secured. 


*Cons. Engr., New Orleans, La. 
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SHRYOCK WEIGHTS METAL STEEL TRUSSES 


The locating engineer has neither the time nor the facilities for making 
careful analysis alternate structures each stream crossing, and, 
many instances, would not competent make such analysis even 
under favorable circumstances; but with all the aids with which may now 
supplied, should able estimate weights and costs with degree 
accuracy which will enable him follow the true principles economics. 
probably will not select the type bridge and the arrangement span 
lengths which, later, will found the most economical, but his line 
will located that the most economical crossing can secured, will 
have sound basis for his decision, instead founding “hunch,” 
personal bias, has been done too often. 


neer should find this paper valuable because gives him once the 
percentage ratio the weight metal per linear foot truss terms 
the known total dead load and live load for all spans and types. 

matter interest, the writer made check with the author’s tables 
an.actual highway bridge. The roadway width was ft; was designed 
with the K-type truss, for H-20 loading; its span was 330 ft; and the 
unit stress for the conventional reinforced concrete floor was per 
in. Table 1(b) shows ratio which, adjusted for the unit stress 
intensity, gives 20.4%, whereas detailed estimate gave ratio 20%, 
which remarkably close—a variation only 0.4 per cent. 

the last paragraph his paper, the author makes comparison 
the Jacksonville Bridge the saving 22.5% the trusses the use 
open-grating flooring place the ordinary reinforced concrete floor- 
slab. The writer made comparative design and estimate, using solid 
steel interlocking channel floor, with asphalt plank wearing surface 
instead the conventional concrete slab, the aforementioned 330-ft 
highway bridge, which showed saving 22.6% the carbon steel trusses, 
addition the saving metal the floor system. These combined sav- 
ings more than offset the additional cost the light-weight metal deck. 
the spans increase, the actual savings cost, course, become more 
pronounced. 

Some interesting bridges have recently been built European engineers 
chrome copper rustless steel, with physical properties comparable silicon 
steel, and with corrosion resistance four times that the copper- 
bearing steel used the United States. Recent developments the metallurgy 
steel and the art welding will doubtless play important part the 
design and construction the great bridges the future, and 
this country should watch with interest the remarkable progress being 
made Europe. 


are offered this paper, and the author has presented them convenient 
form which will enable bridge computer designer, readily and quickly, 


Vice-Pres., Director, and Chf. Engr., Belmont Iron Works, Philadelphia. 
Am. Bridge Co., Chicago, 
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secure the approximate weights various types trusses. This assembled 
information should great assistance preparing preliminary estimates 
cost and determining preliminary dead loads. However, due the many 
combinations loading and the equation entering into design, 
most engineers are reluctant use weight curves obtain dead load weights 
for final computations. 

the collection curves with this paper, the author has 
omitted the continuous type truss span. This type. span has gained 
wide recognition the past decade and has economical for 
long-span bridges. Curves covering the weight continuous spans might well 
added those the cantilever and arch With this addition, 
designing engineer would able determine the approximate weights 
the different types spans, and thus able make preliminary estimates 
and comparisons cost various types spans miore readily. 

Mr. Waddell commended for contributing the Engineering 
Profession useful set weight curves. They should prove distinct value 
engineers engaged making preliminary studies different bridge 
projects. 


greatest value the data presented this paper will the field 
highway bridge design. Heretofore, several writers have developed formulas 
for the weights metal such structures, but the results from them vary 
over such wide range that they are little better than guesswork. gen- 
eral, the paper will distinct aid younger engineers who have not 
yet developed the judgment required preliminary bridge design. 

Some pitfalls occur the diagrams and their use should tempered 
with reason. For example, the author states that, 


they [the results from the are accurate that, when 
properly modified for the intensities of..working tensile stress 
due using design specifications other than those recommended the 
writer,” probable that recomputation will ever necessary because 


serious discrepancy between the assumed and the calculated dead 
oads. 


This statement implies one conclusion that dangerous, namely, that 
there serious discrepancy between the assumed and the calculated 
dead loads further consideration necessary. The writer would like 
attention the fact that both the assumed and the dead 
loads are considered being uniformly distributed over the span. 
bridges having spans the longer range included the author the actual 
distribution weight may become important design consideration. This 
particularly true the case the cantilever and arch types and 
lesser degree long-span, curved-chord, simple trusses. Recomputation 
should always made the basis the actual distribution weight 
the case large and important structures. 


Prof. Bldg. Constr., Thompson-Starrett Foundation, Dept. Civ. Eng., 
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cases where concentrated live loads are specified, the practice deter- 
mining equivalent uniform load The author 
recommends the following method for railroad truss 


“Tf one will figure cars preceding well following the locomotives 
and will compute the maximum moments the quarter points the spans, 
obtain the best averages for the equivalent load curves.” 


Presumably, the same procedure would utilized for bridges 
determining uniform live load used with the diagrams. 

Suspension bridges and bascule spans have been excluded the scope 
the investigation, and the author correct stating that not 
feasible plot these types. this fact, the diagrams provide 
quick method for the preliminary design steel with 
the exception the simple-span, steel beam, and the con- 
tinuous truss. 

The first two these types are used for short spans and estimate their 
weights not outstanding difficulty design. The continuous truss, 
the other hand, becoming such important type that promises 
replace the series simple spans almost entirely, and perhaps the cantilever 
well. this true there definite need for diagram weights for 
the continuous bridge similar those this paper. 


who has not had extensive experience and training enabled, easily and 
quickly, determine the most economical form steel bridge construction, 
the aid this paper. Table especially showing the 
great accuracy the charts which the author has prepared. The last para- 
the paper especially engaging, indicates the possibility 
lighter floorings highway bridges and shows how the open-grating floor 
will save the trusses alone, one-fifth the cost carbon steel used, and 
one-sixth case silicon steel. Similar charts should prepared which 
would show with equal facility and clearness the cost floor systems 
the lighter floors were used and also the relative cost the different types 
floors. 
the United States the perils life and limb,’as well the property 
damage, the public highways are still the increase. More than 000 
deaths occurred 1934, and nearly 1000000 people were injured. Many 
these hazards occur skidding bridges. important, course, that 
bridge should economical its cost, but even more important 
that should safe horizontally well vertically. Safety from automobile 
accidents can secured lower cost. This applies particularly new 
bridges. The lighter weight open flooring makes its use practicable 
existing structures, when found necessary eliminate slippery road- 
ways and prevent accidents caused ice and snow. 


Cons. Engr., New York, 
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valuable addition the paper would curve relative cost 
bridges with the conventional types solid floor contrasted with open, 
non-skid flooring. 


condensed, workable form, set curves platted from information accumu- 
lated during years practice and experience. The author commended 
for his work assembling and classifying these data and passing 
condensed graphical form the Engineering Profession. 

Figs. will great value bridge engineers (especially those 
less experience) making preliminary studies and selecting economical 
types design for proposed bridges. They will give bridge estimators reliable 
information that has not been available such concise and workable form. 
The percentage-ratio weights number the more recent carbon-steel, 
simple-truss railway trusses constructed the “Frisco Lines” have been 
“spot”-checked and found agree very closely with the curves this paper. 


but that the author has made valuable contribution bridge designers. 
using his curves, however, the designer should know the height ratio, the 
number panels, and the type diagonal bracing that have been used 
the design the bridges from which the curves were derived. Should the 
most economic height ratio for any span known, there will difference 
truss weight for different types trusses, and for trusses the same 
type having different numbers panels. number occasions, the 
writer has compared different types and variously proportioned simple-span 
trusses and has found that comparison trusses having different 
numbers panels and different height proportions generally required 
fore one able determine the most economic proportions, 

Fig. tool for such comparisons, which may help explain 
crepancies truss weights derived from the author’s empirical curves when 
the truss not truly economic 

The curves, applying three common simple-span truss types, are referred 
the rational formula, 


n? 


which average weight metal per linear foot truss (not includ- 
ing the members Fig. which are shown dotted); average weight 
per linear foot, carried truss (includes floor system, all bracing, railing, 
uniform live load, uniform live load equivalent concentration load, 
and impact); ratio details gross section; allowable 
fiber stress gross section; and span length. Equation (3) can 
relied upon give the truss weight accuracy within per cent. 


Engr., Frisco Lines, St. Louis, Mo. 


Designer, Jones Steel Corp., South Side Works, 
Pittsburgh, Pa. 
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The proportion details the gross section, will generally vary from 
0.80 0.85 for pin-connected trusses, and from 0.35 0.40 for riveted 
trusses. The average allowable fiber stress the gross section, will 
about 75% the allowable tensile stress the net section; that is, when 
per in. 

Reference Fig. will demonstrate most economic height pro- 
portion varies with the number panels,and the type bracing. Table 
the the Springfield, Mass., Bridge from the curves lighter 
than computed. the case ‘of the Portsmouth lift-span, the 
per cent. Since the author given the number panels, the depth 
truss, the type bracing which his curves apply, large errors may 
result from variations these 


this paper will inspiration and value office and Their 
usefulness will inerease the various results are compared with other avail- 
able information. The experienced designer will own weight data, 
and will find this paper touches field beyond the limit his 
experience comparison with own results. 

The young designer and the who studying bridge design will 
find the paper marvelous organization desirable information which has 
not previously been available. Such men, considering weight data, should 
keep mind the following points: (1) That only trained designer, work- 
ing with known specifications; can approach his 
estimates; (2) that data are now available which the man with limited 
experience may make quite satisfactory preliminary estimate weight 
various types for any loading and specification; (3) that, for 
those with limited experience estimating details, the preliminary estimates 
are likely close actual weights upon main 
sections only; and (4) data, proper form, are useful deter- 
mining the preliminary economic layout spans for multiple-span bridges. 

the writer, with Frank Kerekes, Am. Soc. E., prepared 
article” dead loads for simple truss highway and railway bridges. 
order double requirement making preliminary estimates 
weight and have basis for the determination economic span. lengths 
simple-span bridges chose the often used expression: 


which (in the author’s notation), weight steel, pounds-per 
foot bridge; span length, feet; and and are 
500 were used for through, riveted, highway bridges 
with 20-ft roadway. and 8-in. concrete floor-slab steel stringers, and for 
the H-15 loading. Values and 1200 were adopted for single- 


Prof., Civ, and Head Dept., Iowa State Coll.. Ames, Iowa. 


Van Nostrand Company, Inc., New York, 1933. 
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track, through, riveted, railway bridges, with and ordinary open 
floor. The spans all cases were limited lengths from 100 
Suggestions were given for modifying the constants provide for variations 
thickness and type floor, width roadway, 

‘The writer has been much interested making comparisons between 
The author’s total weights, taken from Fig. for Class bridges 
carbon steel, are considerably heavier than the structures upon 
writer based the constants his formula. The author’s bridges 
are likewise heavier than (4), with its proposed factor, 
would suggest for H-20 The railroad bridges cited the 
that Equation (4), with proper flexible than the. curves 
Fig. for making preliminary estimate weight. 

Differences loads, specifications, and personal equations designers, 
are reflected the differences weights between those given the author’s 
and those compiled the writer. Perhaps appreciable good would 
result attempt reconcile them. author states that gives the 
actual weights only start for using the percentage data Figs. and 
These percentage data, with supporting discussion, form the true basis for 
the paper. The writer finds much closer comparison with the percentage 
data than with specific weights. fact, would need definite separation 
truss and bracing weights (which are available only few instances) 
determine whether his percentages were higher lower than those given 
the author. (4), the term, includes the trusses and 
that part the bracing which varies with the span length; and the factor, 
the stringers, floor-beams, and the part the bracing that 
independent the span. 

Using the product, representing the weight trusses for highway 
bridges, the writer derives percentages truss load load which are 
10% higher than those the author. This 10% fair 
value for the part the bracing that varies with the span length. ‘The check, 
then, remarkably close for highway bridges. For railroad bridges, the writer 


found greater discrepancy, but the same direction. the 


bracing will reduce the differences negligible magnitudes. 

The writer accepts the percentages the paper definite contribution 
the problem making and adjusting estimates for weights bridges. 
The extension data from simple spans moderate length simple spans 
great lengths and cantilever and arch bridges makes this paper notable 
addition the literature this subject. 


the writer has been using curves presented the author,’ others similarly 
constructed, for preliminary estimates, well for obtaining 
dead load for designing. This paper which brings the date, 
constitutes welcome addition the available tools the designing engineer. 


Asst. Engr., Harrington Cortelyou, Kansas City, Mo. 
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The device expressing the weight the truss percentage the 
total load results considerable simplification the diagrams, The proc- 
ess could readily have been carried one step further, expressing the truss 
weight percentage the superimposed load; that is, the total load 
exclusive the weight truss. When this done, the weight the truss 
obtained directly, without the necessity first assuming its weight before 
entering the diagram, was done the example given the author. 
Fig. the author’s diagrams, Fig. 1(c) and Fig. 1(d), giving weights 
simple trusses carbon and silicon steel, have been replotted this basis. 

The weights given the paper agree quite closely with the experience 
the writer. Assuming the same basic unit stresses, the minor differences 
specifications will have great effect the weights properly designed 
trusses. For ordinary highway bridges carbon steel and moderate span, 
with basic unit stress 000 per in., the writer has found the follow- 
ing formula quite satisfactory: 


which (conforming the notation the paper), weight truss, 
pounds per linear foot; span length, feet; and load one 
truss, including weight truss, pounds per linear foot. terms the 


Percentage Ratios 


TRUSSES GENERAL. 
plotting used the author (Fig. 1(c)), this gives straight-line variation. 
The author’s lines are slightly curved, which more accurate for the longer 
spans and heavier loadings. 

Attention should called the fact that the loads per foot, given the 
author’s diagrams, are the total for two trusses, rather than for one truss. 
The minimum given, 000 per ft, rather too heavy for short, light spans. 
For highway bridges 20-ft roadway with concrete floor, designed speci- 
fications for H-15 loading, advanced the American Association State 
Highway Officials, the total load per foot span for short span’ only 
slightly more than 5000 
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his previous paper “Economic Proportions and Weights Modern 
Highway Cantilever the author gave, for structures combined 
silicon and carbon steel, estimate the percentage each kind steel 
the structure. This information great value making preliminary 
estimates; and the writer would suggest that the value the paper will 
considerably increased the author will include, his closing discussion, 
such data for the structures covered this paper. 


ing Profession indebted the author for considerable information con- 
cerning the weights metal bridges; his paper notable contribution, 
covering does such variety types. The following discussion 
restricted comments the author’s weights simple-span highway 
bridges. The curves submitted for comparison with Figs. were designed 
carry live loads and impact loads accordance with the recommendations 
the American Association State Highway Officials (1931). The allow- 
able unit stress tension was taken 000 in. the net section 
except where noted. The designs provided for concrete floor and future 
surface item, the combined weight which was 115 per floor area. 


1 2 3 a 6 
Span in Hundreds of Feet Span in Hundreds of Feet 


Transactions, Soc. E., Vol, (1933), 888. 


Louisville, Tenn. 


— 
> 
4 
43 
| 


DOWNEY WEIGHTS METAL STEEL TRUSSES 


The writer obtained close check the percentage ratios Fig. 1(b), 
his values being about higher than the ratios shown the 
gratifying since gives check the portion the bridge weight that 
most difficult estimate, namely, the trusses. this connection, Fig. 
shows the distribution the metal between the major elements the span. 
The weights hand-rails, expansion devices, and shoes are not included 
the weights given the paper. 

Presumably, the total weights metal given Fig. (b) include the 
weights the hand-rails and expansion dams. The total weights obtained 
the writer for bridges with 20-ft roadway, are good agreement with 
Fig. for the longer spans, but gets somewhat smaller weights. for 
spans less than 300 ft, 

Frequently, one has available the weight metal bridge certain 
span length and roadway width, but desires the weight metal for another 
bridge the same span having different roadway From study 
data hand the relation expressed Equation (6) was found give good 
results. The weight metal may determined for any wider roadway. from 
the weight for 20-ft roadway the following equations: 


which weight structural steel, pounds per square foot road- 
way for the wider roadway; weight structural steel, pounds per 
square foot roadway for the 20-ft roadway; and, 


which the width, feet, the and the span; 
feet, the bridge. 

Attention called the fact that, Equation (6), must the 
weight metal, pounds per square foot roadway, for bridge with 
20-ft roadway. Suppose, for instance, that for certain span, the weight 
metal known for bridge with 30-ft roadway and find 
the weight for bridge having 40-ft roadway. First, using Equations (6) 
and (7) and the known weight, ww, for the 30-ft roadway, compute the 
weight, wa, for 20-ft roadway bridge. Then, with the value known, 
apply Equations (6) and (7) again find the weight metal, pounds per 
square foot, the bridge with 40-ft roadway. 

Fig. shows the total weights metal the spans determined 
the writer and included for comparison with the values given Fig. 
Fig. permits the determination that are not directly 
determinable Figs. the paper. yields the weights the floor 
system and, incidentally, shows the effect the floor weight changing 
the panel length. 

demonstrated the paper, the depth truss affects its weight 
materially. Coefficients for the determination the truss depths for bridges 
with 20-ft roadways may read from Fig. 12. For roadways wider than 
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add the center depth for each additional roadway width. 
Trusses these proportions have been found pleasing 
and economical metal. 


fession deeply indebted the author for making available bridge 
engineers the curves truss weights and other valuable information ineluded: 
this excellent paper. essential, particularly during the; early stages 
the structure which base estimates the cost The 
floor can computed quickly and the bracing can 
with the truss weights readily available from the curves, approximate 
estimate the weight steel the superstructure soon obtained. 

The writer checked some the percentages given Figs. 
for number spans for which had the weights available, and although 
there was considerable variation some cages was usually not 
account for the difference between the computed percentage that from 


the curves. They should enable any bridge engineer, who familiar with the 


design the structure proposed, make fairly close 
the truss weights. essential that due allowance made for the various 
factors, besides unit stresses and variation from the economic depth, which 
will have influence these weights. considering combined railway and 


Structural Engr., Vancouver, Canada. 
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highway structures, the writer found that the percentage ratio from the curves 
for the railway part the bridge, when increased decreased one-third 
the difference between this percentage and that for the highway part, checked 
very well with the computed actual weight percentage. 


author has added another rung the ladder which the general practi- 
tioner can rise intelligent answer many questions without spending 
hours detailed computations secure general result. 

example the value service, covered papers such this, was 
recently proved preliminary report submitted the writer. The basis 
this report was the question: “Can that highway completed for 
$400 000”? The report was wanted (as usual) “at 
“as soon possible.” 

This section highway, less than mile long, will cross four railroads— 
under one and over three—requiring one single-span, single-track railroad 
bridge and one 6-span, highway bridge with 40-ft roadway. Preliminary 
plans and estimates had been made various municipal and railroad organ- 
izations over period several years 1931; item prices and unit quanti- 
ties spread over wide range these former estimates. For preliminary 
report suth that required for case this kind, the handbooks 
fabricating-erecting steel company will supply weights steel which agree, 
with sufficient accuracy, with the weights determined Fig. the paper. 

This question “loads” for highway bridges has become greater im- 
portance the class traffic has chenged. Live loads (moving loads) have 
increased from average maximum, say, tons per unit average 
maximum tons. more, per unit; and speeds have increased from 
miles per hr, with impact “entering the picture” geometrical 
ratio. 

the beginning the Twentieth Century, the sale small bridges 
identified designs, was 
“racket” the State New York. Structures were sold, not necessarily 
the lowest bidder, the most reliable firm, but the most generous 
payer. the entire cost must come out the bridge, the keen competition 
for work the part the bridge companies, and for money the part 
the buyers, created situation which the steel the structure became 
minor importance. 

Another type this class bridge, was the so-called “bedstead 
design,” found principally the mountainous regions. was composed 
white-painted railings 1-in. pipe, and resembled nothing 


much the white iron bedstead found mountain inns. 


The flimsy, spider-web trusses these bridges are longer considered 
“good business” damage claims are difficult contest and expensive 
settle. The bridge engineer has come into his own highway bridges 
practically all lengths and with information such that supplied 
this paper that the engineer who has devoted his time hydraulics, some 
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other specialty, may saved much time telling his client whether 
general plan possible with the money available. this manner, 
quently, another case provided for the bridge expert. 

idea the present condition thought upon this matter loads 
for highway bridges may gathered from study the following 


(a) The highway loading shall three classes, namely, H-20, H-15, 
and H-10, and may either truck train loadings loadings. 
Loadings H-15 and H-10 are 75% and 50%, respectively, Loading H-20. 
The truck train loading shall shown Fig. and shall used for 
loaded lengths less than ft. shall consist one truck the gross 
weight indicated the loading class followed by, preceded (or both 
followed and preceded by) line trucks indefinite length, each 
the following preceding trucks having gross weight three-fourths that 
indicated the loading class. 


15-Ton Truck 20-Ton Truck 15-Ton Truck Ton Truck 
H-20 LOADING 
15-Ton Truck Truck Truck 
LOADING 
Truck 10-Ton Truck Truck 7}-Ton Truck 
LOADING 


(b) the loaded width the roadway exceeds ft, the specified loads 
shall reduced for each foot loaded roadway width excess ft, 
with maximum reduction per cent. 


The H-20 referred Specification (a) shown Fig. 13. 
Loadings H-15 and H-10 differ only the applied loads, the spacing 
trucks being the same for all classes. Specification (b) indicates the per- 
missible reduction “load intensity.” the author has used the H-15 and 
H-10 loadings his Olass and Class loadings (which what they 
are termed the Standard believed that his paper 
not consistent with present practice the Engineering Departments 
the State New York. far the writer can learn this State design- 


Specifications for Highway Bridges and Incidental Structures, the 
State Highway Officials, 1931; Specifications 5.2.7, 174, and 5.2.10, 
g. 5, Dp. 
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ing, and approving the design of, bridges under Olass H-20 loadings and 
using the distance trucks. 

Highway bridges are now being built with 40-ft roadways, consisting 
reinforced concrete pavements in. thick and, where they cross rail- 
the steel floor systems are cement-coated. Under such construction 
the dead weight reinforced concrete per linear foot bridge, about 
carry this concrete the floor system will weigh about 0.54 ton 
per lin bridge. Adding impact loads, wind pressure, the weights 
curbs, sidewalks, snow, pipe lines, indicates wide departure from the 
spider-web type truss. 

Loadings for highway bridges present open question the present 
time. Various types steel floors are being studied order reduce the 
tremendous weights solid concrete block pavement. Live loads are pure 
assumption based, perhaps, upon the hope that the bridge will endure even 
the truck operator insists transporting all the freight the country 
unregulated loads and at, practically, unregulated speeds. 

large majority the bridges being built upon highways (those 
carrying the obstruction over the highway well those carrying the high- 
way over the obstruction) are 300 ft, less, span length, hoped 
that the author will somewhat more detail loadings and other 
factors that affect Figs. The final design must always made 
the bridge engineer, guessing and “skinning” are ruled out when dealing 
with present-day, and probable future, traffic weights, volumes, and speeds. 


experience more than forty years ago, the writer does 
tate state that, had been available, this paper would have been worth 
considerable money him times past. had been assigned, suddenly, 
the task designing and estimating the cost bridge over the East River 
New York City, composed six tracks, two roadways, and two side- 
walks. The maximum time allotted was one week. 

The only truss bridge comparable length that time was the Firth 
Forth Bridge which had been the late Sir Benjamin 
Baker, Hon. Am, Soc. Designing the floor system carefully and 
the lateral system proportionally, the writer used the dead-load weights the 
Forth Bridge solving the stresses for the bridge graphically. successive 
repetitions this procedure schedule dead loads was determined which 
seemed satisfactory. 

Four bridge companies were requested check the design and the quanti+ 
ties, and the only organization that could interested required the services 
squad men for four months produce the complete design. 

foregoing account demonstrates roughly, the tremendous amount 
time that can saved the use curves, such those the paper. Even 
those days, the designer had least one standard handbook, produced 


“Bridging the Firth Forth,” Sir Baker, Lond., 1887. 
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steel manufacturers. They had infinitely easier job than the late James 
Eads, Am. E., for example, who had invent his own structural 
shapes and fight have roiled. 

The paper the result such tremendous amount strenuous and care- 
ful work, that all bridge designers whom made available should 
grateful for its presentation. 


and investigations reported this paper.are borne out remarkably well the 
extensive office records available the writer. has used the nine Type 
cantilever bridges which (with Wilson Ballard, Am. E.) pre- 
sented the discussion the author’s paper entitled “Economic Proportions 
Weights Modern Highway Cantilever basis for the data 
submitted herewith, and, addition, one other Type bridge 
designed and constructed the writer’s firm, namely, the cantilever 
bridge across the Kanawha River, St. Albans, Va. 

Table arrangement these ten Type cantilever bridges 
Table the paper. addition, Table contains simi- 
larly arranged data for the suspended spans the Type cantilevers. Data 
for four simple spans are also included, namely, the 156-ft simple spans 
that form the approaches each end the cantilever bridge across the Ohio 
River, Ashland, Ky.; the 144-ft simple approach span the cantilevér 
bridge across the Ohio River, Huntington, the 300-ft lift span 
the James River Bridge, Newport News, Va.; and the 208-ft 
spans the same bridge. 


All the Type cantilever bridges, except the one Ashland, Ky., were 


designed for the use medium structural grade steel with basic working 
stress 000 per in. The Ashland Bridge was designed for the 
silicon steel and heat-treated eye-bars the main members the trusses, 
with basic working stress per in. 

The percentage ratios Table (Columns (10) and (11)) are based 


adjustment the weight the trusses, described the author’s 


order properly evaluate the truss weights the basis working 
puted percentage ratios for the ten cantilever bridges agree very closely with 
those taken from Figs. and these computed ratios higher 
than those taken from the plotted curves, except the bridge 
St. Albans, Va., which 2.7% lower. This.can explained being due 
the use rolled sections throughout the trusses for this bridge, thereby 
reducing the weights details the trusses materially. 

The larger variations between the percentage ratios computed and 
from the the paper for the nine suspended spans can explained 
the additional erection material included the weights the trusses for 


these spans, compared with the weights similar simple spans erected on_ 


falsework. The close agreement between the computed percentage ratios 
those taken from Figs. for the four simple spans listed, remarkable, 


The Greiner Co., Baltimore, Md; 
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Huntington, Va. (Ohio 

Pt. Pleasant, Va. (Kanawha 

Ky. River; 

Creek, Va. (Long 

Creek, Va. (Short 

Ashland, Ky. (Ohio River; 

St. Albans, W. Va. (Kanawha 

Huntington, Va. (Ohio 

Pleasant - Henderson, 
Ky. 
Portsmouth, Ohio (Ohio River) 6 350 | 6 068 (1970 | Carbon} 32.4 | 23.7] 16 
Cabin (Kanawha River) 1086 | Carbon} 17.0 | 12.9/ 16 
“Bt. Albans, W. Va. 4.25 | 200 | 6 443 (1100) Carbon; 17.1 | 13.0] 16 
Ashland, Ky. 5 156 | 6 720 760 | Carbon} 10.3 10.5} 16 
Huntington, W. Va. 8 144 |12 394* |1370 | C m} 11.0 93); 16 
Typical spans. 200 {13 048 (1645 | Carbon; 12.5 | 11.5) 16 
Typical spans. . | 300 259 (2804 | Carbon; 19.7 | 18.0/ 16 
Typical spans 400 783 Carbon| 27.2 


street railway. 
will noted, however, that each case the computed percentage truss 
weights slightly higher than that taken from the curves, except the case 
the 208-ft James River spans for which the computed percentage ratio 
0.1% less than the ratio taken from the curves. This truss the Warren 
type with the intermediate posts omitted, which may explain the reduction 
truss weights. 

The fact that the computed percentage ratios are uniformly higher than 
those taken from the curves led further investigation the writer. 
Fig. shows the ratio truss weights total weight carried for simple 
highway trusses which are plotted Curves and corresponding 
Curves and Fig. 1(b). The curves shown dashed lines Fig. 14, 
immediately above Curves and respectively, are plotted collating 
office records which include the weights steel subdivided into floor, bracing, 
and trusses for ideal typical simple highway spans for Class loading, vary- 
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ing length from 200 500 ft, for roadway widths varying 
between and 4-ft variations, with additional weights for one 
two sidewalks ft, ft, ft. The curves Fig. 14, dashed 
lines, were obtained using the percentage truss weights these typical, 
ideal, highway, simple-truss spans compared with the total weight these 
spans, and agree more closely with the computed percentage ratios Table 
than those the paper. This may attributed the personal equation 
the designer, expressed the author: 


each designer has personal idiosyncrasies that affect the weights 
trusses computes, and there quite perceptible difference the metal 
weights between structures which are truly first-class every particular and 
those only mediocre excellence, those that have been ‘trimmed’ the 


limit.” 


Curve Allowable Unit Roadway 
Stress, in Pounds Width 


Span Lengths, in Feet 
TRUSSES, 

Regardless the relatively small differences obtained from the results 
the author’s investigations and the data submitted the writer, the writer 
feels that this method approaching the problem quickly estimating the 
weights various types trusses excellent one. These curves, 
course, will need somewhat modified where the use rolled sections 
reduces the weight truss details. 


JoHN Am. Soo. (by letter).—In the early 
days the Kansas City Terminal Railway Company’s project for new Union 
Station, and trackage connection therewith, the writer was under the neces- 
sity making, quickly, preliminary estimates cost for considerable num- 
ber structures. These structures were carry urban highway traffic well 
railway traffic. addition the Union Station Building and the track- 
age immediately required for it; additional approach tracks were needed, which 
was thought highly desirable should entirely free from grade 
estimate the cost the structures necessary for this purpose, was essen- 


Engr., Kansas City Terminal Ry., Kansas City, Mo. Mr. Hanna died 


= 
Tr. 


tial determine weights steel with reasonable approach ito the actual 
weights resulting from detailed designs. method estimating weights, 
such-as that set forth the author’s paper, would have been most welcome. 

doubt many engineers have been position needing: reliable 
methods estimating weights quickly, and many will that. position 
after.. the light the writer’s experience, believes that this paper will 
great value many the profession. 


close checks the writer’s findings reported Mr. Shryock are very gratify- 
ing; and his allusion the European chrome-copper rustless steel, having 
resistance four times that of. copper-bearing steel 
used the United States, both important and timely. 


respect Mr. Reichmann’s suggestion preparing special 


continuous trusses, the writer would reply that the way utilize the curves 
the paper for any continuous-span layout compute the truss weights 
the spans were non-continuous, then correct the results means 
data published elsewhere.” 

Replying Professor Abbett, the curves Figs. are intended 
mainly for rapid preliminary estimates, and are sufficiently accurate 
ordinary cases for contractors use but, when there close 
competition, would advisable computations truss 
weights, mainly because the affect the totals. 

Mr. Diehl states that valuable addition curve 
relative cost bridges with the conventional types con- 
trasted with open, non-skid flooring.” The writer has made lengthy, 


cated, and elaborate investigation this subject which has not yet (1985) been 


published. contains the information mentioned Mr. Diehl. 

Mr. Foight offers method comparing truss weights which may prove. 

ebe bit misleading some readers, causing them the curves 

are greatly The “percentages” treated the paper are those truss 
weights compared with total vertical loads; hence, the variation the Spring- 
field Bridge 2.1% not per cent. That variation entirely 
uneconomic truss depth. modern highway bridges are generally designed 
with economic panel lengths and economic truss depths, “large errors” can 
“result from variations these factors.” 

Professor Fuller’s four cautions “the young designer and the student who 
studying bridge are directly the point, and should given 
thorough consideration all tyros such The writer has never had 
much determining weights metal formulas, although 
for ‘half century been using quite freely various “formulas 
tion” his own passing from known weights metal for certain 
ditions the corresponding weights for differing 

Replying Mr. Wilbur, the writer logical make his 


pereentage ratios apply the grand total vertical load than that load, 
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omitting the truss weight itself, are 
correct stating that would have been better Fig. and Fig. 
add each curve for load 5000 per lin truth, the 
writer has since discovered this fact and-has plotted such curves aid his 
own subsequent work. This case which “one’s hindsight better 
than his foresight.” 


3 70 75 80 82 55 65 70 75 80 85 

Gs Os pase 35 80 85 90 92 70 75 80 85 90 95 


accordance with Mr. Wilbur’s suggestion that the the 
percentages silicon steel structures combined silicon steel and carbon 
steel, attempt made furnish, the desired information for the trusses 
ferable curves; hence, the information presented Table percentages 
weight silicon-steel members compared with that the truss.as whole. 
The actual weight material, however, from 90% the 
amounts some of. the details members, such 
lacing, tie-plates, and rivets, are carbon steel. Some the percentages 
Table may either down, extreme cases much 10% 
their values, due varying conditions and personal the 
computer, but generally that variation will less than per cent. 

Mr. Wilbur correct that the loads per foot given 
diagrams are the totals for two trusses, rather than for one truss. 

The method determining the percentage ratios for combined 
ratio given the railway-bridge diagram; the percentage ratio for 
highway-bridge the equivalent uniform live load, plus impact 
per linear foot, for the railway portion the bridge; the equivalent 
form load, plus the highway portion the bridge; and, 
the desired percentage ratio for the combined bridge. Then, 


Mr. ‘would be: 


way. deck with loading; the structure carbon steel: and 
the span length taken 400 15912 per lin ft; 2475 
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per lin ft, and the curves given the paper make 25.5 and 27. 
Hence, Equation (8), 


25.7% 
2475 


and Equation (9), 


The difference between Mr. Grant’s percentage ratio and that the writer 
0.3. 

similar computation for single-track railway, 20-ft clear roadway, 
and the same span length, gives 27.7% Equation (9) and Equa- 
tion (8), difference 0.4. difference small that would 
scarcely show the diagram. 

Mr. Ripley’s discussion reminds the writer the days the early Eighties 
when used consort with the “highwaymen” and compete for highway 
bridges. Fortunately for him, call Japan 1882 took him out that 
objectionable business; and upon his return the United States four years 
later, “declared war” upon all its disreputable practices and initiated what 
later proved revolution highway-bridge designing, letting, and 
construction. 

The writer cannot describe greater detail, “the loadings and other 
factors that affect Figs. 5”, because the live loads and impacts were 
presented another paper,” which readily available. The percentage 
ratios are given the present paper; and the manner using them, both 
directly and with modifications, fully explained. The Class loading used. 
based 18-ton truck, and the Class loading 12-ton truck. 

The writer much indebted Mr. Allen for his trouble computing the 
“percentage ratios” the numerous bridges has designed and built, 
eheck curves the paper. The close agreement found source deep 
satisfaction the writer. course, Mr. Allen points out, one cannot 
expect perfect coincidence between the findings any two engineers, because 
the difference their personal equations. His “percentage ratios” show 
marked uniformity, indicating the part his computers close adherence 
specifications and the application the principles true economy 
designing. 

further analysis Table the. paper, omitting from consideration 
the abnormal cases the Springfield Bridge and the Portsmouth lift-span, 
indicates average plus variation 0.19%, average minus variation 
0.42%, and algebraic average all variations equal minus 0.25 only 
one-fourth per cent. this analysis based upon seventeen cases, and 
view the fact that all the fifteen engineers who discussed the paper 
endorse the curves general, may concluded that the findings the 
paper are reliable; nevertheless, would well pay any engineer who designs 


Proportions and Weights Modern Highway Cantilever Bridges”. 
Waddell, Am. Soc. B., Transactions, Am. Soc. B., Vol. (1933), 888. 
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many bridges plot, for the his new 
based upon the specifications utilizes and the general his 
computers. 

The writer’s experience has led him that 
should useful, especially beginners, and The 
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operation doing involves assumption truss weight, checking it, 
assuming another and checking that, etc., until there exact agreement 
between the assumption and the check. The final weight can found cor- 
rectly from the first check weight computing the difference between and 
the assumption, and multiplying the result the proper factor taken 
from the curve shown Fig. 15. The product should either added 


subtracted from the weight assumed, order determine the correct truss 
weight. 


check the validity this method, consider the case 400-ft, 
simple-truss bridge 45-ft clear roadway, silicon steel, for which Fig. 
gives the percentage ratio. The make-up total vertical load (in 
pounds per linear foot) follows: 


Live load plus 8440 


Trusses (assumed) 2600 
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For percentage ratio 20, Fig. gives multiplier 1.25, which yields 
the correction: 189 1.25 286; and the correct truss weight, 2600 236 
2836. With this truss weight, the new total vertical load will 14181. 
Applying the percentage ratio 20, 2836, which checks. 

Had the assumption been 3000 per lin ft, the total vertical load would 
have been per lin ft. Applying percentage ratio 20, 869; 
value 3000 was assumed, indicating difference 131. 
1.25 yields correction 164 which, subtracted from leaves 
2836 check the computation. This method generally much quicker 
than the one involving series guesses and substitutions. 

conclusion, the writer desires express the gentlemen who have 
done him the honor discuss this paper (both individually and. collectively) 
his deep appreciation their courtesy. This applies particularly the 
generous comments Messrs. Shaw, Jonah, Thomson, and Hanna, who 
approve the paper wholeheartedly. 
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ASYMMETRIC PROBABILITY FUNCTION. 


Synopsis 


engineering problems that require statistical analysis, such studies 
rainfall and run-off, the data are frequently too meager allow the use 
the elaborate methods developed Karl Pearson, the Danish statisticians; 
and yet, the asymmetries the frequency distributions associated with these 
problems are sufficiently marked place the investigation field 
definitely outside that the simple Gaussian theory. Unfortunately, where 
the basic probability function other than the “normal curve”, the deter- 
mination the constants involved, well the graduation the data, 
generally becomes difficult task. Furthermore, data are very 
complete, the final results will seldom have meaning because the magnitude 
the probable errors the parameters involved. 

The purpose this paper introduce that differs 
seems possible let differ from the its general character- 
istics, while allowing unlimited degree “skewness”. the same time, 
easy curve apply, such things go, and one for the application 


which existing tables may used. The paper subdivided into the follow- 
ing parts: 


Section contains critical discussion the various methdds use 
present the analysis frequency distributions. The purpose this sec- 
tion is, first all, contrast and compare the function introduced with 
those already use that both its merits and defects will exposed 
the beginning. will thus seen contain justification for the intro- 


October, 1934, Proceedings. 
Asst. Prof. Eng. Mechanics, Rutgers Univ., New Brunswick, 
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duction new function field that literally teems with such studies, 
hoped that this paper will also help the engineer better under- 
standing subject the approach which barricaded many 
mathematical hurdles. 


The requirements function that one degree more general 


than the Gaussian, are discussed Section This function introduced 
Section and subjected detailed mathematical analysis, and the 
constants the curve are expressed terms the moments the distribu- 
tion which fit. Finally, proved that the curve true 
generalization the Gaussian, becoming identical with it, fact, when the 
skewness parameter vanishes. 

Section the formulas derived Section are collected and 
procedure for their use outlined. number examples are given which 
serve both illustrate the manipulation the new curve and compare 


the results obtained its use with those obtained the use other 
functions. 


Section IV, finally, the most general homograde function discussed. 
Its parameters are expressed terms the bounds and standard deviation 
the statistics, and procedure for its application outlined. 


The following symbols used the paper are summarized herewith for the 
guidance discussers: 


parameters the frequency function. 
parameter that corresponds the maximum lower devia- 
tion the statistics from their arithmetic mean. 

parameter that corresponds the maximum upper 

deviation the statistics from their arithmetic mean. 
As, ete. parameters the observed frequency distribution. 

magnitude the variate. This may the absolute 
magnitude, but usually stands for serial numbers 
the classes into which the variate has been grouped. 
arithmetic mean the quantities, 
deviations the variate from arithmetic mean, 
frequency ordinate corresponding the deviation, 
probability the occurrence deviations less than, 
equal to, the deviation, 

variable abscissa; also transformed argument prob- 
ability integral. 
“dummy” variable integration. 


functional symbols. 


symbol frequency function. 
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symbol generic frequency function: first approxi- 
mation 
the last number finite series parameters; also, 
substitution factor when identified the text. 
the last number finite series distinct magnitudes. 
the last number finite series observations. 
the total number items statistical series So. 
sum the powers the deviations from the arithmetic 
mean 


the square the standard deviation, or, the mean 
taken the unit, the square the Hazen- 
Foster coefficient variation. 


the Pearson and with (CS), the coefficient 
skew, the Hazen-Foster development. (In engineering 
literature the divisor the moments usually taken 
square usage, but this connection the writer finds 
justification for it.) 


substitution factors. 


parameter connected with the equation, 

small quantity that vanishes with 

“terms the order symbol denoting small 
quantity which vanishes with the infinitesimal enclosed 
the brackets. 

base Naperian logarithms. 


Normal most satisfactory basis for great variety 
statistical studies the Gaussian “normal 


(1) 
which, the frequency ordinate corresponding the variation, 
the second moment; Naperian base logarithms; and, 


Mathematical Theory Probability,” Arne Fisher, 198, Macmillan, 1930. 
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variation from the ‘arithmetical mean the statistics. This fune- 
tion has been the basis elaborate theories errors and correlation, 
principally, doubt, because its properties are mathematically 
not all, however. There seems considerable theoretical justification 
for its use, this way comparable the justification derived 
from experimental verification the results obtained from its use. Under 
certain, conditions gives reliable information; this matter subject 
controlled experiment. Its use indicated whenever the following assump- 
tions can made regarding the variation the entity considered’: 


(a) The most probable (or most frequent) value large number 
observations their arithmetic mean. 


(b) Small variations are more likely occur than large ones. 


These equivalent assumptions relate the variate; addition, 
course, the foundations probability theory are assumed. 

long the variation comes fairly well within this set the normal 
curve represents the data surprisingly well, and more significant than mere 
“fitting” the given data the fact that the information obtained its 
use (as extrapolating, for instance) surprisingly accurate. The single 
parameter “spread” seems adequate take care the possible configura- 
tions such set. 

engineering problems, however, these assumptions can seldom made 
outside the case direct and precise measurements. Usually the mean, 
the mode, and the median not coincide. 

Since the relation between negative and positive variations not known 
when the symmetry that leads the Gaussian distribution lacking, 
general frequency function cannot developed entirely from priori con- 
siderations. This leads investigation all the mathematical expressions 
that share with the probability function its characteristics properties, among 
which, fortiori, must the curve that sought; and, since there 
method generating all such curves, the investigator must finally con- 
tent try many them can discover and let experience 
the final arbiter the success the search. 

The extension the theory include skew probability functions has 
been the subject much ingenious mathematical research. 

the first extensions the theory, and 
perhaps still the most successful, due who embodied the 
assumptions regarding the frequency the variations into 
the very general differential equation: 


which merely states that the curve has maximum the point, 


and that approaches the axis asymptotically the frequency vanishes. 


complete proof that the normal law follows from the principle the 
arithmetic mean and the theorem compound probabilities, see “Advanced Calculus”, 
Wilson, Ginn Co., 1912, 386. 


Curves and Elderton, Lond., 1927. 
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The normal curve obtained from the family generated Equation (2) 
simply letting constant. the simplest one all; but 
this mode generation not altogether satisfactory because, whereas 
Equation (2) may contain all frequency curves, quite likely that also 
contains many curves not even remotely related frequency functions. 
Equation (2) does not provide means distinguishing between them; for, 
certainly, the problem frequency distribution not merely one 
fitting, well possible, curve set data; there must some 
kind theory connected with it, strong, possible, that which sup- 
ports the normal curve. This desideratum not likely attained, 
but one which must aimed at, nevertheless, searching for general 
probability functions. 

Another difficulty with Pearson’s set-up practical one. The form 
the function, F(x), that appears Equation (2) must limited severely 
order integrate the equation all. Pearson assumed that F(x) can 
developed Maclaurin series and that permissible drop all the 
terms the series after the square. This merely roundabout and 

However, the family curves generated Equation (2) under the 
assumption that, 


has proved very useful. One the principal objections the family 
generated Equation (2) the variety types into which divided. 
The criteria for this that type are artificial and cumbrous. The objection 
not altogether order definitely place distribution this 
that category necessary compute the fourth moment; and when 
the data are meager (as happens frequently problems investigated the 
Any accidental irregularity the distribution exaggerated dangerously 
the higher moments. Even the third moment quite unreliable when 
the observations are few. Nothing beyond the standard deviation reliable 
for less than 150 items. 

course, this family contains curves that may specified completely 
three moments (two when that is, when the origin the 
mean). One such the classified Type III; but this curve 
degenerates into L-shaped figure for certain ranges the parameters, 
which suffices throw out the class curves that represent possible 
homograde frequency distributions. 

General general theory frequency functions has 
been developed, following the researches originated Laplace, which 
extremely elegant mathematically, but quite impracticable fact. (The 
best treatise, English, the theory frequency curves developed 
the Danish school statisticians, that presented Arne 
The theory based fundamental property frequency functions, 


Mathematical Theory Probability”, Arne Fisher, Macmillan, 1930. 
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numbers, which represent the distinct values the 
observations, then, the frequency function for the o’s and f(z) 
any single-valued function all, one may obviously write: 


r=n 


r=1 r=1 
Now, function not only the different values the variate, 
but also certain statistical parameters (the moments, for example, would 
one such set); and, great extent, matter convenience what 
functions the observations these parameters should be. For instance, 
they may defined this manner: Call the parameters, 
r=n 
and take two convenient functions, Ax) and or). 
r=1 
Now, these two functions are equated and required equal for all 
values relation may established this manner between the 
parameters, and the observations, because, expanding both sides 
the equation, 
rn 
r=1 
into series powers and equating like powers, relation established 
between the parameters, and the observations, that must hold for 
Equation (5) satisfied identically. making use Equation 
(4), Equation (5) may written this manner: 


or, passing the limit some reasonable manner: 


This integral equation which, from Equation (5), both F(z, 
and K(z, are known, and from which may determined the 
rules established the theory such equations. The success with which 
efforts solve Equation (7) will rewarded, will depend the ingenuity 
used defining Equation (5). 

Thiele obtained solution Equation (7) terms his famous semi- 
Thiele’s solution, given definite integral which, 
unfortunately, cannot integrated; that the net result elegant 
mathematical process which ultimately gets nowhere. Even one could 
make direct use Thiele’s solution Equation (7) there are certain 


Mathematical Theory Arne Fisher, 1930, 191. 
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circumstances that render too general for ordinary purposes. manner 
somewhat analogous the case Pearson’s differential equation, one may 
say that although Equation (7) certainly includes all frequency functions, 
includes theory actual frequency functions. fairly arbitrary 
function, may satisfy Equation (7) without being remotely near 
actual frequency function. 

4.—The Gram-Charlier much more practical development the 
frequency function the series named after Gram and Charlier. one 
writes: 


and, 


then the frequency function may represented thus, 


this series the values may obtained making use the 
orthogonal properties the ¢’s, they may obtained the usual 
method least Osgood has written elementary discus- 
sion series orthogonal functions and their connection with the principle 
least again, the criticism that Equation (9) too 
general; represents statement mathematical analysis rather than one 
the theory frequency functions. fact, one satisfied with some 
condition slightly less than absolute mathematical approach limit, 
Equation (9) may used represent, very closely, quite fantastic 
functions—even discontinuous ones—provided they and their slopes vanish 
infinity. Clearly, this includes some functions not all connected with 
frequency functions. 

Furthermore, deviates appreciably from (that is, 
has marked skew), may take thousands terms Equation (9) get 
even fair representation—and this process which practically impos- 
sible. The function, need deviate greatly from before 
waves and negative frequencies appear the use few terms Equa- 
tion (9), and they certainly not belong actual frequency curve. 
The reason for these spurious phenomena will obvious the reader 
acquainted with Fourier analysis. 

generating function, may defined relation other than 
Equation (8) such that, begin with, and will fairly similar. 
Then, may clpsely represented few terms Equation (9). This 
because each term represents correction the sum the terms that 
precede it. Studies have been made various forms the generic func- 


Mathematical Theory Arne Fisher, 1930, pp. 199 seq. 
William Fogg Osgood, Macmillan, 1925. 
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tion, but the objection the use Equation (9) must always remain: 
That this series, regardless the form the generic, may made 
represent almost anything. offers theory frequency functions. 

5.—Transformations the greatly skewed distributions 
logarithmic transformation the variate has sometimes proved 
This transformation really furnishes new generic function, defined, accord- 
ing Fisher, 


used Equation (9), and, therefore, needs further discussion 
than that Article The transformation has been suggested the fact 
that when the skew the frequency great, that the logarithms the 
variate more nearly normal. Special mention made this trans- 
formation because its relation the partly bounded function introduced 
this paper. objections other than those listed Article the 
following may stated: 


(a) The use Equation (10) implies the solution cubic, distinct 
for each problem. 

(b) After the transformation accomplished one still has determine 
the constants the series the method least squares some 
equivalent process. 


6.— Empirical Curves.— So-called empirical curves are not essentially 
different from any the foregoing because, matter fact, all the curves 
are empirical; but they suffer from the fact. that they are usually devised for 
particular problems and the range their applicability generally quite 
limited. Furthermore, they are farther from approximation any theory 
frequency functions than any the foregoing. the integral, dura- 
tion, curve (for many purposes more important than the frequency function) 
which often represented means purely arbitrary functions. Not 
much can said their favor except, perhaps, that they may easy use. 
The principal objection their use lies the fact that not possible 
estimate the reliability the parameters entering them. The estimate 
this reliability important phase statistical investigation often 
neglected engineering applications. 

Methods.— The use “probability” paper and other 
graphical devices undesirable practice. These methods convey the 
eye simplicity which does not really exist. The process using these 
methods not essentially different from that fitting curve the data, 
except for the fact that one more likely fit the wrong curve graphically 
than analytically. paper marked off non-rectangular co-ordinates does 
the data exactly what flat map curved earth does geography. 
One gets exaggerated idea the entire problem. straight line that 


for instance, the Normal Curve Error’, Luis 
Salvosa, Dissertation, Univ. Michigan, Edwards Bros., Inc., Ann Arbor, Mich. 


Mathematical Theory Arne Fisher, 1930, pp. 236 seq. 
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seems fit the data closely may not good fit all when one remembers 
that small deviations certain regions the paper may represent quite 
large errors. Fitting straight line data that plot approximately 
straight line like using the method least squares without weighting for 
functional distortion. 

One notable exception presented the closely allied semi-graphical 
Their procedures are fundamentally sound. The weakness their methods 
due the impossibility computing the probable errors the constants 
their functions. There graphical process that gives indication 
these errors. 


the discussion Section seen that only 
one function furnishes something theory variations, and that the 
curve, Equation (1). The succeeding developments, although doubt 
including the general theory frequency functions within their scope, are 
far too general character; spite all that may said against them, 
the Pearson functions still remain the most useful. The introduction 
new function will justifiable only far able call forth 
minimum objections that must surely raised against it. The various 
requirements for will now listed and These requirements 
embody the writer’s theory the most general homograde probability function: 


(a) must simple extension the normal curve; that is, the normal 
curve must one its possible forms, and for range the parameters 
that specify must lose its characteristic shape. must smooth, 
without waves, and without negative frequencies. true that waves will 
exhibited legitimately multi-modal distributions, but these must 
considered the superposition several uni-modal distributions. 

(b) should capable assuming indefinite skewness. Since the 
factors that cause skewness the frequency set variations are not 
known, deviations from the normal may assumed some way 
connected with the fact that, usually, the variate definitely bounded, the 
first deviation from the normal occurring from the fact that the variate has 
minimum value, but definite maximum. representative curve 
one may require that its skewness simple function its end point. 
The function with one end point here termed “partly bounded,” that with 
two end points, “totally bounded”. 

(c) The curve must specifiable completely moments higher 
than the third. Should have more parameters than may specified, then 
must possible find some extra-statistical means determining them. 
Since the probable errors the parameters increase greatly with the order 
the moments necessary specify them, becomes necessary search 
for some physical substitutes for these moments. Two such substitutes, 


Frequency Curves Biology and Kapteyn and 
van Uven, Hoitsema Bros., Groningen, 1916. 


Transactions, Am. Soc. E., Vol. (1927), seq. 
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will shown, are the upper and lower bounds the variation, when these 
bounds can determined priori. 

(d) The curve must simple apply. Considering all the uncertainty 
that lies the base the theory frequency functions, the information 
derived from their use certainly not worth the expenditure great labor 
their application. 


Partly Bounded Function.—Consider, first, the function: 


extension the normal, admits complete mathematical analysis. The 
study will guide determining the parameters the totally 
bounded function Section IV. 

Notice, the first place, that Equation (11) similar the 
logarithmically transformed function, Equation (10), differing from only 
the power, which raised. The difference fundamental, how- 
ever. just this added parameter, that makes Equation (11) more 
than “normal” for the logarithms the variate and which brings about 
remarkable simplification the formulas. this indeed, that makes 
Equation (11) true generalization Equation (1), will shown 
subsequently. 

The discussion that follows immediately mathematical investigation 
the properties this function. the usual method the 
the data and the total frequency, The investigation, which given 
here for the first time, developed with sufficient detail enable the reader 
not well versed mathematical manipulations follow each step the 
reasoning. must kept mind that the analysis justifies the use 
this curve only far shows that the function Equation (11) meets 
all the aforementioned requirements. 

The reader who willing take for granted the accuracy the follow- 
ing analysis may omit the remainder this section and proceed Section 
III, where the formulas obtained Section are tabulated and their 
application discussed. 

the power sums the variations; that 
is, let, 


that, for instance, the total frequency. Now, require these 
power sums equal the corresponding moments the function 
Equation (11). Thus, 


we 
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and, 


Substituting Equation 


Completing the square the exponent the integrand: 


= 2 


well-known result the integral Using this result 
Equation (15): 


This gives four equations (one each for and with which 
determine the constants, and terms the power sums, 


solve Equation (17) let, 


1 


then Equation (17) may written: 


. 

of 4 

| 

7 

. 

: 

J 2 

| 
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and, 
Solving for the powers 
and, 


o 
vention, the Ath moment. Dividing Equations (20c), and (20d) 
Equation (20a): 


and, 


set from which has been eliminated. The usual simplification may now 
introduced, which way affects the generality the results, obtained 


2 
Equations (21) become: 


and, 
Eliminating and the combination, kl, from Equations (22): 
15 
that is, 


which all the parameters the curve except have dis- 


appeared. Let and Then, Equation (23) becomes: 


(24) 
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cubic with one real root equal to: 


terms all the parameters the curve have simple expressions. For 


and, 


definition, Therefore, from Equation (27): 


Socd 


4.—The Duration probability that the variate lies between 
(the zero the function) and expressed by: 


—b 


or, making use the transformation the beginning Article Section IT, 


a | | | 
4 
q 
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This the ordinary probability integral with argument, log d(z 


Elements the few points the curve are special 


(a) The End Point: When the curve obviously ends because 
there are real values Since, for every real value there 
one and only one real value and, conversely, mere matter 
convenience whether designated the coefficient skewness. With 
this mind, seen from Equation (27) that the skewness the curve 
simple function its end point, was required Article 
Section II. general, however, the end point the curve does not cor- 
respond the zero the data. one quite sure the zero, then this 
value may taken for terms which, and may computed 
Equations (26) (29). When this done the third moments the curve 
and data not quite agree, but must remembered that the probable 
error the third moment large when the distribution not normal, and 
therefore, agreement the third and higher moments not good criterion 
fit. 


(b) The Mode: obtain the mode, 


For finite values this expression vanishes when the logarithmic 
factor vanishes; that is, when that the mode at: 


d (@ + i 


(c) The Median: obtain the median, notice that, 


and the duration curve becomes: 


= 


that, 
or, 

and, 


Dividing Equation (35) Equation (33): 
which, for all values less than From Equation (36) seen that 
the median always lies between the mode and the mean. 
Normal Curve Limiting Form.—The next step inquire 


what shape this curve will have approaches that is, the skewness 
vanishes 


and, 


which, small quantity that vanishes with 


and, 


* 
q 
re 
1S q 
re 
le 
| 
i 
) 
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which, small quantity that vanishes with Then: 


The existence this limit (Equation (41)) may shown applying the 
rule Combining these various results: 


Computation the fit the curve set data 

compute the moments, and ps, the usual way; then compute 

followed and (Equation (25)). will found convenient 

terms these quantities the parameters are: 


and, 


Since Equation (8a) the most usual form which the normal curve 


Table gives the values these parameters for selected values 


4 “Advanced Calculus”, by F. 8. Woods, p. 18. 
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TABLE THE PARAMETERS FOR 


* 


Table has been constructed give deviations from the mean for selected 
frequencies (given herein percentages time), and similar tables” 
constructed Alden Foster, Am. Soc. E., for Pearson’s Type III 
Only extreme values are given, this curve plots fairly straight 
probability paper. using such table, however, must 
remembered that appearance, particularly graph plotted logarithmic 
probability paper, test the goodness 


Coefficient 
of skew = 


0.001 0.0001 0.000001 0.0000001 


oo 
No 


point that will found useful plotting the curve the mode, 


also help. 

Example problem worked out full detail will illustrate the 
application these formulas. The first problem analyzed that given 


Alden Am. E., Transactions, Am. Soc. E., Vol. LXXXVII 


Van Nostrand Co., 1928. 


1.0812 
-0029 |14.925 |14.9030 | 0.0674 | -6021 2384 
0180 | 7.518 | 7.5180 | 0.1366 | . 5223 .4036 { 
-0438 | 5.076 | 5.1020 | 0.2085 .4550 . 5781 ; 
-0861 | 3.831 | 3.8960 | 0.2881 | . 3976 .7620 
-1310 | 3.106 | 3.2331 | 0.3733 . 3479 . 9564 j 
-1858 | 2.621 | 2.7122 | 0.4679 . 3041 .1615 F 
-2466 | 2.281 | 2.4161 | 0.5707 | . 2656 . 3750 
-3145 | 2.027 | 2.1427 | 0.6841 .2315 .5977 3 
3865 | 1.834 | 1.9600 | 0.8057 | .2012 - 8284 
-4652 | 1.678 | 1.8136 | 0.9406 | 
90 10 1 0.1 0.01 j 
49 | 3.42 4.21 4.91 5.58 6.20 6.78 7.38 | 
e 64 | 3.72 4.70 5.62 6.50 7.36 8.19 9.03 { 
79 | 4.06 5.25 6.41 7.56 8.73 9.89 11.07 ; 
91 | 4.36 5.80 7.24 8.71 | 10.26 11.81 13.44 j 
04 | 4.70 6.40 8.20 | 10.10 | 12.00 13.90 16.50 ; 
16 | 5.03 7.03 9.16 | 11.48 | 14.03 16.74 19.74 j 
25 | 5.32 7.60 | 10.19 | 13.00 | 16.15 19.22 23.60 3 
36 | 5.66 8.29 | 11.25 | 14.66 | 18.56 22.89 27.87 | 
45 | 5.96 8.21 | 12.32 | 16.34 | 21.02 26.34 32.50 § 
53 | 6.24 9.54 | 13.43 | 18.11 | 23.66 29.99 37.78 : 
60 | 6.50 | 10.12 | 14.49 | 19.85 | 26.34 33.91 43.08 
65 | 6.76 | 10.71 | 15.58 | 21.67 | 29.30 38.03 49.21 : 
71 | 6.99 | 11.28 | 16.64 | 23.48 | 31.84 42.57 55.04 
75 | 7.21 | 11.82 | 17.70 | 25.18 | 34.80 46.94 61.26 : 
79 | 7.42 | 12.34 | 18.77 | 27.15 | 37.85 51.00 67.78 | 
83 | 7.61 | 12.83 | 19.72 | 28.77 | 40.89 55.60 74.70 : 
86 | 7.78 | 13.33 | 20.80 | 30.61 | 43.91 60.27 81.75 : 
88 | 7.95 | 13.78 | 21.78 | 32.35 | 46.83 64.90 88.87 
8.11 | 14.21 | 22.64 | 34.28 | 49.58 70.08 95.92 ; 
8.26 14.69 23.61 35.72 52.69 74.44 103.93 
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Elderton,” which based upon set data which fits transition 
Type III curve. This particular problem was chosen because one 
which Pearson’s curve breaks into L-shape. Furthermore, Pearson’s 
Type III curve may compared fairly with the writer’s that both are 
specified the same parameters. The data are listed Table 


Frequency from Mid-ordinates 
Observed frequency Type III writer’s curve 
curve 
(1) (2) (3) (4) 
0.400 0 
1 34 59 62 
1.575 125 
2 134 lll 109 
3 45 45 49 
4 12 20 19 
5 8 a 8 
6 3 4 3 
7 1 2 2 
8 3 1 1 


Although the frequencies Column (3), Table are quite close the 
observed frequencies, the mid-ordinates Pearson’s curve show 
poor representative this distribution, may seen referring the 
illustration Elderton’s book.” Elderton gives the elements: The mean 


3.607 


Consequently, 2.085 and, Equation (25): 


and, 


course, this value could have been obtained closely enough from 
Table 

values, the parameters the curve may computed, follows: 


1.201 
0.621 
0.574 


Curves and Correlation”, Elderton, 90, 1927. 


. 
- 
a 
a 
m 
a 
m 


we 
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1.178 
1.201 


The ordinates the curve are computed constructing Table each 
column being constructed from preceding columns. The values Column 


0.844 


TABLE FoR DETERMINING ORDINATES 
Frequency 


(2) (3) (4) (5) (6) (7) 
0.6 0.506 —1.188 0.199 
—0.335 1.6 1.350 0.130 0.522 0.348 
+0.665 2.6 2.195 0.341 1.370 0.156 48.8 

1.665 3.6 0.483 1.940 19.1 

2.665 4.6 3.881 0.589 2.365 0.025 7.8 

3.665 5.6 4.725 0.674 2.705 0.010 3.1 

4.665 6.6 5.570 0.746 2.995 1.6 

5.665 7.6 6.410 0.807 3.240 0.002 0.6 

6.665 8.6 7.252 0.860 3.450 0.001 0.3 


(6) are from tables Equation (8a) compiled Messrs. Mills and 


Example b.—The next problem one given Fisher,” who makes the 
statement that the statistical assistants working the problem were unable 
fit the data means Pearson’s curves. 

Fisher uses the logarithmically transformed function, (Equation (10)), 
generic function. After calculating the values and for this par- 
ticular problem, then determines the constants, co, and the method 
least squares. Unfortunately, does not give his computed ordinates; 
nor does give the ordinates for the distribution,” that his curve and 
that the writer for this problem can compared only sight from 
slightly different perspectives. However, glance Fisher’s diagram™ and 
Fig. this paper sufficient show that the latter least 
good fit. Furthermore, the work required fit these data the present 
method quite negligible compared that which Fisher must obtain 
result that “satisfactory for all practical purposes”. 

The observed data and the ordinates computed the present method are 
given Table The elements this distribution are the following: The 


Holt Co., 1925. 


Mathematical Theory Probability”, Arne Fisher, 1930, 
Loc. cit., Fig. 


. 
q 
and, 
4 
3 
4 
4 
q 
q 
q 
q 
4 
7 
3 
q 
q 
q 
q 


ASYMMETRIC PROBABILITY FUNCTION 


4000 


2400 
1600 
= 


16 20 


TABLE Data AND 


Observed Computed Observed Computed 


frequencies mid-ordinates frequencies mid-ordinates 
1 0 272 260 
ces 45 833 141 107 
2 264 2 498 110 70 
ces 3 828 3 492 72 45 
2711 2 821 | 17 19 
1 918 2 066 14 12 
1 339 1 432 3 8 


Example c.—For this problem the writer has taken 49-yr rainfall record 
Chapel Hill, order magnitude the yearly rainfalls are 
shown Table The elements are: 0.522; 7.49; the mean 
and 0.025. 


| | 
| 
| 
800 
0 2 4 6 
31.88 40.73 50.39 54.06 
32.17 40.82 47.31 50.82 54.54 
37.99 40.83 51.07 54.87 
38.47 42.00 51.38 55.92 
38.58 42.41 48.52 52.14 56.85 
39.19 43.34 48.56 58.19 
39.42 43.62 48.87 52.81 61.34 
39.75 44.81 53.17 62.25 
40.22 45.20 49.42 53.30 67.15 
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This record has been plotted cumulatively according the usual conven- 
tion™ (against 0.5, 1.5, 2.5, the circles Fig. representing these points. 
The ordinates for the smooth curve have been computed according the 
data Table 


50 


45 


3; e 30 
3 q 
1 E 20 } 
3 
15 
10 
Rainfatl in inches 
(2) (3) (4) (5) (6) (7) (8) (9) 
30 —17.72 24.38 0.608 0.589 —0.230 —2.72 0.003 0.15 
35 —12.72 29.38 0.734 0.711 —0.148 —1.75 0.030 1.47 
40 — 7.72 34.38 0.858 0.831 —0.080 —0.95 0.171 8.38 
45 — 2.72 39.38 0.984 0.952 —0.021 —0.25 0.401 | 19.65 
50 2.28 44.38 1.109 1.073 0.031 0.37 0.644 | 31.53 
' 55 7.28 49.38 1.234 1.105 0.077 0.92 0.821 | 40.25 
60 12.28 54.38 1.359 1.316 0.119 1.41 0.921 | 45.15 
65 17.28 59.38 1.485 1.439 0.158 1.87 0.969 | 47.49 
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Column (7), Table gives 2.303 log for the correspond- 
ing values obtain the values Column (8) necessary 
select the values the probability integral (as given Mills and 
for instance) corresponding the values Column (7). Then, 
0.5 (Column (7)) (Column (8)), because the tables are calculated 
give the area from the ordinate, 


Most Frequency Function 


Range has been pointed out Section III, 
instead computing the third moment the distribution, one may deter- 
mine, somehow, the lower limit the variation; then, through the relation, 


the constants the curve can computed. The two processes 


will not lead, general, precisely the same result, but the discrepancy 
should come well within the margin probable errors, the present theory 
correct. 

not always easy determine this lower point, however. con- 
sidering the heights group men, for instance, one would not justified 
closer the actual limit. Even one were take this lower limit, 
however, one would doing something more rational than taking 
always done when the normal curve used connection with such 
statistics. fact, even the most symmetrical cases ordinarily considered, 
the normal curve gives the poorest estimate the range the variation. 

Unlimited variations There finite chance that run 
heads will tossing coin matter how large may be; but 
physical fluctuations these chances not usually occur because the 
phenomenon question does not exist these extreme aspects. 

Consequently, the problem hand determine the range variation 
statistical series under consideration. For this determination there are 
two alternatives: The range may determined statistically (which is, 
effect, Pearson’s procedure), or, may determined from purely physical 
considerations. The statistical determination purely formal process 
which leads close the true answer only when the data are abundant, but 
quite fair estimate may made from non-statistical considerations the 
range fluctuation great many physical For instance, 
stream, will certainly not run less than dry, and the greatest possible flood 
that can certainly some function its drainage area, geo- 
graphical and location, ete. 

what follows will assumed that this estimate may made. 
Let the maximum lower from the mean the statistics, and 
the maximum upper 

Totally Bounded construction function with 
both lower and upper limits simple generalization the function already 
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discussed; but the analysis not straightforward. The preceding 
analysis, however, places one position determine the parameters 
the totally bounded function terms its end points. Since 
longer question determining these parameters the method moments 
(however desirable such determination may be), the integral curve will 
dealt with directly. 

The probability integral will taken the form which most 
usually tabulated, namely, 


For the partly bounded function, substituting for the preceding 


formulas: 


which, 


and, 


From Equations (43) and (44), obvious extension, the following 
set formulas obtained for the totally bounded curve: 


which, 


The factor, has been introduced make the second moment the 
curve agree with that the statistics. The determination has been empirical 
and, consequently, this factor may found require further modification. 
The considerations that have guided the writer the present determination 
approaches Furthermore, the product, must remain finite and deter- 


4 
0 
C 
Le 
B b? + 
and, 
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With these elements the curve represents the most general homograde 
probability function, according the present theory. begins dis- 
tance, below the mean and ends distance, above it, these points 
coinciding with the absolute limits of. the statistics, and its mean and stand- 
ard deviation coincides with those the observed distribution. inspection, 
seen that the partly bounded function discussed Sections and III 
finite (in one case, the curve right-skewed; the other, left-skewed). 

The form this function must now determined becomes equal 
that is, the curve becomes symmetrical, but bounded. When 


small; then, 
2 2 2 2 


Consequently, 


—b 2 


and, 


Therefore, for symmetrical, bounded fluctuations the argument becomes, 


from which the normal curve obtained letting recede when 
one obtains, simply, 


would highly desirable determine the parameters this general 
function terms the moments (for this, fourth moment would 


TABLE 8.—Tue 


Probability Parameter, Parameter, Probability Parameter, 
of-time of-time of-time 


in Then of cu oer sec 


re 
. 
_ 
= 
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required since the condition termination the upper end has been added) 
because, whether not the present theory tenable, this function represents 
the most flexible and stable curve any use present. The writer, 
however, has found unsurmountable mathematical difficulties the road 
this goal. Table short solution the probability integral. 
Example illustrate the use the most general function given 
Equations (45) the distribution the flow peaks the Tennessee River, 
Chattanooga Tenn., will considered. the 57-yr daily flow record 
the Chattanooga Station there are 440 peaks, ranging from minimum 
per sec, maximum 361 000 per sec. Their arithmetic 


average was found 49550 per sec. 
These peaks were grouped into classes intervals 5000 per sec, 
that the mid-ordinate (in class units) the 0—5 000 class, 
The zero flow 0.5, and the mean 10.41. The limits, and 
were taken and 120 class units, respectively. This makes the range 
fluctuation approximately from 650000 per sec. justification 
offered for the selection these limits. They are used merely for illustra- 
tion. The standard deviation was computed 9.459 class units. 
Substitution Equations (45b), (45c), and (45d), gives 16.47, 
1.257, and 0.86. Table three ordinates are solved illustrate 


a Ne = 

o 4 


Percentage of Peaks 3 


| 
| 
j 
| 
| 
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the computation. Fig. shows the observed cumulative frequencies™ com- 


pared with the theoretical curve plotted extreme value logarithmic 
probability paper. 


TABLE 


Column (9), Table was obtained from the tables Mills and 
only few values the curve are required, Table may 
used follows: Suppose required find the flood likely occur 
0.01% the time (assuming the floods equally spaced time). Opposite 0.01 
Table the value, 3.72, found. The corresponding value may 
now found Equation (45a), arranging the computation follows: 


The last item, 75.1, the deviation class units from the mean. 
cubic feet per seconds this flood is, 75.1 5000 49550 425050. 


Equations (45) were constructed the assumption that the most general 
homograde frequency function characterized its standard deviation and 
the maximum possible lower and upper fluctuations from its mean; that the 
normal the limiting form this function when the range unlimited 
both directions; and that the general shape the normal always 
preserved closely possible this most general curve. the curve be- 
comes unlimited one side, the side remaining limited, the partly 
bounded function Equation (11) obtained, the analysis which has 
suggested the form the general function. the two limits are equal, 
the symmetrical curve Equation (49), obtained. 

the case the normal, the errors sampling this distribution 
are those introduced determining the mean and the standard deviation, 
the errors introduced the determination the end points being non- 
statistical nature. Although this does not away with the difficulties 
encountered analyzing skewed frequency distributions, does shift part 
the responsibility from the shoulders the statistician those the 


engineer physicist, who may set limits the problem from extra-statistical 
considerations. 


“ 

= 


om- 
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DISCUSSION 


this discussion compare the author’s “totally bounded function” with the 
graphical method the study flow peaks. the mathematician the graphi- 
method inexcusably crude, but the engineer finds its use certain 
practical features that may overshadow what the mathematician considers its 
undesirable attributes from his standpoint pure science. not pro- 
posed delve into theory herein except state that questionable whether 
probability function should applied study natural phenomena 
which may result from the combination summation, multiplication, and 
cyclical variation various causes and conditions more less indeter- 
minate and discontinuous sequence. 

Any purely mathematical treatment stream-flow data presumes the 
outset that all the data are equally reliable. Unfortunately, this not the case. 
Early records are usually less reliable than present-day records, and the 
accurate determination extremely high flows more difficult than that 
lower flows. These are facts familiar the experienced hydrographer. The 
probable range variation from the true discharge cannot computed 
any statistical means. graphical method used interpret these data, 
the curve can shifted give more less weight certain points, depend- 
ing their accuracy. 

use the author’s method necessary list all the flow peaks down 
the lowest record. course, minor consideration that this 
laborious task, but important consider what significance these small 
peaks have. There are few rivers the United States to-day which the 
low flows are not influenced some works Man, and, consequently, these 
the frequency and magnitude the higher flows. There may also certain 
peculiarities the natural drainage area and river valley which would make 
doubtful whether one relation would suffice for the full range flows. 
Most graphical methods not attempt utilize flows below the so-called 
“one-year flood”; that is, the smallest the annual maximum floods. 

After all the flows have been listed, necessary assign upper 
limit, which the author states must determined some extra-statistical 
means. The determination this upper limit matter which receiving 
careful consideration from many leading hydraulic engineers to-day. 
possible determine this limit accurately, the graphical method well 
the statistical method will benefit. For the graphical method, the upper 
limit will furnish asymptote that will greatly increase the accuracy this 
method, the range between the observed data and the limit. 

From studies relatively long records appears that any method that 
utilizes record less than years will have adjusted for long 


Asst. Hydr. Engr., Water Resources Branch, Geological Survey, Washington, 
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cycles. For example, any study that utilized the records the period, 
1914 1934, would lead many places large under-estimate the flood 
potentialities the region. Phenomena that are influenced such climatic 
cycles cannot studied mathematical means alone. 

All the methods for analyzing flood and run-off phenomena have weaknesses, 
but solution the problem will obtained only through combined 
consideration the valuable features each method. 


probability curves general, and the relative the 
several types curves which have been proposed, contained this paper. 
The author’s criticisms the Pearson curves are worthy note, and should 
helpful any engineer who has occasion use these curves practical 
work. His comments empirical curves and graphical methods are also 
significant. 

Professor Slade presents new formula for statistical analysis, and 
develops mathematically, with numerical examples. This formula pro- 
posed substitute for other curves (particularly those Pearson) which 
have been use for many specifies several desiderata which any 
probability function should satisfy order mathematically consistent 
and suitable for practical use. The proposed formula shown satisfy 
these requirements; but whether superior these respects the Pearson 
curves has not been clearly demonstrated. the writer’s opinion, all these 
desiderata are satisfied Pearson’s Type and Type III curves, well 
can desired for any practical engineering uses. 

Requirement (d), that “the curve must simple apply”, does not 
seem well substantiated from practical standpoint. Doubtless, the 
proposed curve easier handle than some other types probability func- 
tions; but appears doubtful whether the average engineer would able 
make ready use it, due the mathematical operations involved. 

has been shown the the practical application the Pearson 
(Types and can made very simple due the fact that, with 
these curves, the distance from the mean any point the duration curve 
directly proportional the coefficient variation. This relation does not 
appear hold for the author’s formula—at least, does not mention it. 
was virtue this relation that the writer was able prepare tables 
from which the Pearson curves could plotted directly, soon the 
proper values the coefficient variation (CV) and coefficient skew 
(CS) were determined. 

The author has given (see Table what appears similar table 
for his curve, showing variations from the mean several 
time, for different values the coefficient skew. This table computed for 
coefficient variation, CV, equal unity; but there nothing show 
that can used for any other value CV. 


Res. Engr., Parsons, Klapp, Brinckerhoff Douglas, North Platte, Nebr. 
Transactions, Am, Soc. Vol. LXXXVII (1924), 158. 
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Examination Table indicates that the author’s “partly-bounded 
tion” gives results very close the Pearson Type III curve for percentages- 
of-time greater than 0.1%; but for more extreme values the probability 
scale the proposed formula gives increasingly larger values the variation 
than the Pearson curve. 

apply the new formula practical engineering problem, shown 
the examples given the author, requires the computation several 
constants addition the coefficients variation and skew. Computation 
ordinates the frequency curve can then made directly, means 
Equation (11); but the solution the duration curve requires the use 
table the probability integral which, although common use 
statisticians, not always available the practicing engineer. The proper 
method using the table, even available, might easily lead the average 
engineer into difficulties. 

The foregoing comments apply particularly the “partly-bounded fune- 
tion” proposed the author. The “totally-bounded function” appears 
involve still greater difficulties from practical standpoint. 

The writer has attempted examine this paper from the viewpoint the 
practical engineer. many respects, the paper reflects the attitude 
the expert mathematician statistician rather than that the engineer. 
quite possible that the author’s formula may have great potential value 
general statistical analysis. The writer does not consider himself qualified 
from that angle. 


Am. Soc. (by letter)—A notable contribu- 
tion the knowledge and literature asymmetric probability functions 
contained this paper. Little need added the discussion, Section 
the general probability functions and the curves use the present 
time. The author has emphasized clearly the practical difficulties and limita- 
tions the use Pearson’s, Thiele’s, and the Gram-Charlier series for many 
engineering problems. They are all mathematically “elegant”; but mathe- 
matical elegance has less appeal the engineer than practicability. 

well call attention, the author has, the desirability estimat- 
ing the reliability the parameters used any method. Perhaps still more 
important, however, some knowledge the reliability the results 
obtained from the final curve equation. That this seldom possible with 
purely empirical methods quite true. 

The writer disagrees with the author’s statement the effect that “the 
use and other graphical devices undesirable practice.” 
the contrary, graphical methods are frequently most desirable for the presenta- 
tion and analysis engineering and numerous other data. doubt the 
author’s point that the value graphical methods largely lost their 
limitations are not kept clearly mind. His criticism the writer’s semi- 
graphical for the analysis skew frequency distributions can 
met, least large extent, adapting the method least squares 


Eng., and Dean, Coll. Eng., Univ. Wyoming, Laramie, Wyo. 
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the determination the parameters the function. These calculations 
make possible, with little computation, determine the probable errors 
the parameters and also that any value the variable read from 
the curve for given percentage time. 

interesting graphical method for the application least squares the 
fitting curves data has been written Professor The 
writer now makes frequent use analytical method for Case 
Professor Water’s paper, fit the curves his flood data, with 
satisfactory results. 

Professor Slade has given excellent statement the character desirable 
for asymmetric probability function, and has presented form for this 
function which meets his specifications remarkable degree. The solu- 
tion the equation involving this function, when partly bounded, terms 
the power sums, moments the data, needs discussion. 

One great advantage the proposed function the fact that includes 
the normal curve; but disadvantage that this curve limit the 
skewness one direction, the skewness always being toward the finite limit 
the curve. This evident from comparison Equations (32) and (33) 
and also from Equation (36), and stated the author the text follow- 
ing Equations (45). example flood data for which the mode greater 
than the mean, and for which there apparent upper limit, that 
the Mackenzie River, Australia.” this distribution the range ob- 
servations above the mean only 85% the range below it, although the 
number observations above and below the mean practically the same. 


3 
(1) (3) (4) (5) (6) (7) (8) (9) (11) (12) 
Beas 17.6 17.6 14.0 14.0 35 +9 62 -18 59 —15 
a. 53.6 71.2 72.0 58.0 145 -i1l1 109 +25 lll +23 
Bon 18.0 89.2 89.0 17.0 43 +2 49 —4 45 
4.8 94.0 94.8 5.8 15 -3 19 20 
= 3.2 97.2 97.1 2.3 6 +2 8 0 9 —t 
6... 1.2 98.4 98.2 1.1 3 0 0 + —t 
, 0.4 98.8 98.8 0.6 2 -1 2 -1 2 -1 
Biviec 1.2 | 100.0 99.2 0.4 1 +2 1 +2 1 +2 


Methods for Least Square Problems,” Proceedings, Applied Mechanics 


Transactions, Am. Soc. E., Vol. (1927), 20. 
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The use the new equation expression the mathematical fre- 
quencies skew distribution, illustrated the computations for the 
data Table involves the computation ten auxiliary quantities before 
the four constants the equation can determined. Using skew 
quency paper, the writer can plot curve” agreeing more closely with the 
data, comparatively, with little All that necessary plot 
the diagram prepare the first four columns Table 10. 

Values from Column (1), Table 10, are then plotted against the 
cumulative values skew frequency Column (4) standard, skew fre- 
quency paper, and average, straight line drawn eye through the plotted 
points. Average values total frequency are then read from the straight- 
line curve and entered Column (5), Table 10. The determination the 
data the remaining columns obvious. The sum the differences be- 
tween the observed and computed frequencies the graphical method 
only three-fifths great that resulting from the use the analytical 
methods propounded either Professor Slade Professor Pearson, while 
the time and labor required for the graphical solution only fraction 
that necessary for any analytical solution. Furthermore, the equation 
the integral frequency curve requires the determination only two constants 
from the diagram, the slope and intercept, which, with the total number 
observations, give equation the form: 


which,i the writer’s equation involving the lower limit 
the frequency curve, the author’s notation, used, and the values 
the index and modulus are determined least squares, very much closer 
agreement can obtained between the observed and computed frequencies. 
Furthermore, the probable errors these parameters can determined also. 
Contrary the author’s statement, the computations for the necessary factors 
can made graphically Professor Water’s method, previously men- 
tioned, although the writer prefers analytical methods for this work. The 
computation two means and three other quantities similar the author’s 
moments, are all the factors necessary for the determination the two 
parameters Equation (51). The computations, therefore, are only about 
one-half those required the author’s method. The maximum deviation 
below the mean not determined statistically the writer’s method. 
Theoretically, least, Professor Slade’s method has advantage this 
one respect, that, for the partly bounded function, this quantity can 
determined statistically. 

can demonstrated that the writer’s equation can fitted set 
observations much closer than the use either the author’s Pearson’s 
functions. Furthermore, equation with four constants, including the num- 
ber observations, and the lower limit, can fitted without the use 
products moments the third degree which are required the author’s 
solution. The use third higher moments disadvantage, especially 
for the shorter series observations, account the increase the 
magnitude the errors the resulting power sums for these higher 
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This fact recognized and mentioned the author. The suitability the 
selected for the lower limit the curve may tested use the co- 
correlation. 

While the duration curve Fig. approximates the data fairly well, 
the curve crosses the evident trend the data the central part the 
diagram instead following it. With the writer’s method” curve can 
fitted which has sharper curvature each end that the data are more 
closely approximated the curve. The question, therefore, arises 
whether not the new function sufficiently flexible generally 
useful. The question one that can only answered after great many 
trials with great variety distributions. The rainfall data used show 
unmistakable evidence disturbing influence that the series not 
especially well adapted illustrate the use the proposed 
tion. Study physical conditions might disclose two distinct distributions 
storms due separate sets causes, which are superposed form the 
records given. 

The most general function proposed logical extension the partly 
bounded function and should meet the needs those who find necessary 
investigate frequency distributions requiring treatment with more general 
formula. The writer the opinion that extra-statistical considerations 
are not only justified aid these investigations, but that the physical 
conditions influencing any phenomena should always studied, and the 
results such studies should included and made part the investi- 
gation. other method except that probabilities, available many 
investigations dealing with problems water supply, river regulation, and 
flood control, and pass the aids offered the use such tools the 
material this paper, would appear the poorest judgment 
the part the engineer who does not avail himself them. 

While the writer does not see any great practical advantage the use 
this new function over the semi-graphical methods heretofore proposed, 
the advantages many cases over the older functions used for analytical 
methods are quite obvious. would interest and value those who 
contemplate the use these functions have the formulas given the 
standard errors the moments and constants necessary for the solution 
the equations. The author commended for his able contribution the 
literature this subject. 


statistical analysis likely become intriguing that the objectives and 
the limitations the analysis may algebraic manipulation 
and integration. Undue attention analytical formulation may conceivably 
lead tacit assumptions and hypotheses and conclusions which appear 
contradictory. The author states, for example (in the sentence preceding 
Table 2), that must remembered that appearance, particu- 


Associate Director, Chg. Laboratory, Iowa Inst. Hydr. Research: Prof. and 
Acting Head, Dept. Mechanics and Hydraulics, State Univ. Iowa, City, lowa. 
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larly graph plotted logarithmic probability paper, test 
and Fig. this paper sufficient show that the latter 
least good the first statement undoubtedly lies not only 
the tacit assumption something like Pearson’s test goodness fit,” 
but also the assumption that the type curve chosen must expressible 
equations particular form. 

Under “Graphical Methods,” the author appears have blamed the tools 
rather than the improper unskillful use them his statement that the 
use “probability” paper and other graphical devices undesirable prac- 
tice, and that these methods convey the eye simplicity which does not 
really exist. According Professor Slade, “the process using these methods 
not essentially different from that fitting curve the data, except 
for the fact that one more likely fit the wrong curve graphically than 
analytically.” one who has had some practice using both graphical 
and numerical methods curve fitting the foregoing dicta are somewhat 
disturbing, and the writer would much interested the arguments support- 
ing the author’s statements. 

Admittedly, there are cases which graphical methods are less convenient 
than numerical methods, and there are border-line cases which the choice 
the one the other largely matter personal preference, the 
whim the moment. The person equally skilled the use both will 
ordinarily make his choice between them the basis of: (1) The limits 
precision demanded consistent with the precision the given data; 
(2) the relative amounts time required arrive solution the two 
methods; and (3) the chance taste the computer the moment. 
the writer’s opinion that the engineer who has frequent occasion analyze 
statistical data would well acquire skill the use both graphical 
and numerical (or analytical) methods. not unlikely that the crudest 
methods—graphical numerical—will satisfy the engineer who in- 
frequent intervals follows the simplest procedure described book which 
finds handy. 

Any set observational data which statistical methods may applied, 
must considered sample which may approximate but never precisely 
define every larger set the same data. arrangement showing the 
frequencies values classes arranged order called frequency dis- 
tribution. For given sample and given class intervals there unique 
frequency distribution which may represented graphically frequency 
estimate the limit that would probably approached the class intervals 
were made smaller and the number observations larger, without limit, 
represented the frequency curve—a graphical counterpart the 
frequency functions. this frequency function that the author 
directing his analysis, analysis which based naturally the assumption 
that the variables are continuous instead discrete. 
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due consideration given the effects errors making observa- 
tions, and data are reported with precision consistent with the probable 
error single observation, all variables must considered 
discrete rather than continuous variables. increments the variables 
represent constant numerical difference—as the case annual rainfall 
shown Fig. 2—linear graduations the variable appear consistent with 
the data. increments represent constant percentage differences, might 
anticipated the case run-off measurements, graduations 
the variable would appear preferred. wide variety regular 
functional co-ordinates can devised trial represent cumulative fre- 
quencies abscissas the values the variable are plotted ordinates. 
graphical methods (see under heading, “Graphical Methods”) 
convey the eye simplicity which does not really exist” not equally 
true that assuming continuous function for small sample discrete 
variables that the analysis may needlessly complicated? good prac- 
tice apply small samples observations, which are most common 
engineering studies, the more elegant methods devised the statistician 
the basis assumptions infinite number observations con- 
tinuous variable? 

The writer does not clearly understand (see Section why 
one more likely fit the wrong curve graphically than analytically.” The 
statement appears imply one more assumptions which are not necessarily 
true: (1) That the same curve cannot fitted graphical numerical 
methods; (2) that the correct curve known even determinable; and 
(3) that the tests goodness fit can not applied, within consistent limits 
the data, either analytical expression its graphical counterpart. 

The writer does not wish imply that the analytical methods described 
the author not have their proper sphere application, nor that after 
many more years records are available they might conceivably helpful 
analyzing rainfall and run-off data. Perhaps that time the mathema- 
tician and the engineer may have discovered even greater simplifications 
both graphical and numerical methods. 


follows series papers, covering the same subject, which have been presented 
the Society from time time. Considering the mathematical nature 
the subject-matter, the author has handled the text very readable 
manner. 

The curves presented are sufficiently flexible nature fit given set 
data more satisfactorily than any other yet prepared. This particularly 
true with regard maximum and minimum values. However, from the 
standpoint logic, rather than statistics, evident that many short records 
hydrological functions cannot expanded any formula give reliable 
indication the probable happening 100-yr period. 

The author anticipates this difficulty for states (see “Synopsis”) that, 
“unless the data are very complete, the final results will seldom have meaning 


Hydrographer, Bast Bay Municipal Utility Dist., Oakland, Calif. 
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because the magnitude the probable errors the parameters involved.” 
discussing end points concludes, furthermore, that may 
“set limits the problem from extra-statistical considerations.” These two 
quotations state clearly the nature the difficulty encountered applying 
statistical methods short records. Strictly speaking, the writer’s opinion, 
after careful analysis many records, that the distribution data cannot 
determined with accuracy for 100-yr period until least 200-yr record 
available. 

The point question can best illustrated perhaps example taken 
from the record the seasonal run-off the Mokelumne River California, 
record (partly estimated from neighboring streams) available for 
period yr, from 1895-96 1933-34. duration curve drawn from these 
data shown Fig. 4(a). This the curve natural run-off from 
the season, 1933-84, measured and estimated. The mean annual run- 
off for the 39-yr record 744000 acre-ft; but consideration rainfall 
records, which cover about twice the period time, indicates that the mean 
seasonal run-off the Mokelumne River over longer period time would 
about 800000 acre-ft. Therefore, undoubtedly, the period record includes 


1800 


Seasonal Run-off in Thousands of Acre-Feet 
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Percentage of Time 


FoR Years ENDING SEPTEMBER 1934. 


preponderance run-off below normal. From Fig. 4(a), drawn, 
probable that the minimum run-off 100-yr period can determined with 
greater degree accuracy than the maximum run-off. 

This perhaps more evident comparing the curve Fig. 4(a) with 
similar curve prepared from the first record depicted Fig. 
The latter the curve natural run-off from 1895-96 the season, 
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measured and estimated. From Fig. 4(a) would appear that once 100 
seasonal run-off less than 150000 acre-ft could expected. From 
Fig. the minimum the same period time 300 000 acre-ft. There 
would have been justification the basis the 20-yr record estimating 
minimum 150 000 acre-ft. 

connection with reservoir studies often probable that two, three, 
four dry years succession will create more serious draft storage than 
single dry year. The average probable minimum yearly flows during such 
dry determined readily from the duration curve. The location 
the proper percentage can determined mathematically according the 
laws chance. The probability several successive occurrences period 
time the nth root the period selected. Thus, the two dryest successive 
years 100-yr period would less than 0.01, 0.10; that is, two years 
succession would occur 100-yr period lesser volume than the run- 
off, which would normally occur once yr. The average two successive 
years can assumed equal the median point the run-off which 
would occur the time. Similarly, the average three, four, five, and six 
successive dry years 100-yr period can found the ordinates, 11%, 
16%, 20%, and 23%, respectively. 

The probable dryest periods annual flow the Mokelumne River rang- 
ing from and the actual occurrences based the 39-yr record 
Fig. and also the first 20-yr record Fig. 4(b), have been listed 
Table 11. seen that the year, 1924, was not the dryest year 


39-Yzar Recorp 
Estimated Measured Estimated Measured 

Per- Mean Mean Per- Mean Mean 

centage | seasonal | Seasonal | seasonal | centage | seasonal | Seasonal | seasonal 

Fig. 4 (a) | acre-feet acre-feet | Fig. 4 (b) | acre-feet acre-feet 

Single year. .... 0.5 120 000 | 1924 182 000 0.5 280 000 | 1898 346 000 
Two years..... 5 250 000 | 1930-31 | 319 000 5 360 000 | 1912-13 408 000 
Three years. ... ll 330 000 | 1929-31 | 323 000 ll 425 000 | 1898-1900 | 528 000 
Four years..... 16 380 000 | 1931-34 | 400 000 16 475 000 | 1897-1900 | 640 000 
Five years...... 20 415 000 | 1930-34 | 407 000 20 520 000 | 1896-1900 | 669 000 
Six years....... 23 440 000 | 1929-34 | 395 000 23 555 000 | 1898-1903 | 708 000 


expected 100 yr; neither were the years, 1930 and 1931, the two dryest 
years succession expected. However, the three years, 1929-31, were 
about equal the dryest period this length expected, and the years, 
1929 1934, were appreciably dryer than the normal 6-yr period expected 
100 yr. 

the first 20-yr record considered alone, will noted that the 
estimated occurrences for all periods from are considerable lower 
than the actual record. This could accepted indication that the dryest 
cycle years expected had not yet been experienced. This diagnosis 
was amply borne out the succeeding nineteen years record. 
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the case the full 39-yr record, the close agreement between the 
measured and the estimated occurrence for periods from would 
indicate that, present, the minimum year can determined with reason- 
able degree accuracy. fact, wet cycle years should follow, the 
record for might indicate revision the 100-yr minimum upward. 

method determining the probable accuracy the maximum and 
minimum end-points necessary adjunct the use probability methods 
statistics. 


Arne (by several places this paper Pro- 
fessor Slade uses such terms “homograde series,” “homograde frequency 
functions,” and “partly bounded functions”; and Part discusses 
certain function which terms “the most general frequency function” which, 
sense, would seem imply that this type function includes all other 
known types, such the Gaussian Laplacean exponential error curve, the 
Poisson exponential, Gram’s series, and the error curves introduced 
Kapteyn and Bachelier. should noted that the author does not state 
what understands the word, The technical terms, 
grade” and “heterograde,” were first introduced and defined the theory 
statistics Charlier and have perfectly definite The term, 
“homograde,” used Professor Slade apparently stands for something 
quite different and his so-called “homograde functions” appear certain 
frequency functions defined Equations (45) Equation (11) his paper. 
These equations are nothing but special cases the frequency function: 


n 


well-known law error Laplace and Gauss. 

1856, the Danish Minister Finance, Andrae, 
that although the spread “hits” rifle bullets, when measured reference 
vertical horizontal diameter, follow the well-known exponential error 
law, will found, the other hand, that the spread the hits when 
measured from the center the target will characterized the following 
skew frequency curve: 


a? 


where the probability that bullet will strike target distance, 
from the center. Furthermore, the normal frequency prob- 
ability curve, 


Actuary, Western Union Telegraph Co., New York, 


Theory Arne Fisher, 128, Macmillan Co., 
New York, 1930. 


Andrae, 1856. 
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the probability curve for, say, will differ from Equation 

general, therefore, certain statistical variate, normally dis- 
tributed (that is, subject the Laplacean probability curve, the 
error law Gauss), function say will not necessarily dis- 
tributed normally. the other hand, also true that the variate, 
not normally distributed, function say h(x), may distributed. 
Therefore, should possible, least theory, throw skew non- 
normal curve into normal form through proper transformation the 
variate, 

matter fact, Thiele, Danish astronomer and actuary, 
discussed the general problem determining the frequency curves, not only 
for but for various functions mentions that, the distribution 
from the normal probability curve, may considered “fictitious” ob- 
servation the “pseudo-normal” variate, which latter function 
supposed follow the Gaussian error law; that is, h(x) distributed 
according known normal error law exponential form, possible 
find the frequency distribution the inverse function, g(t). 

brief outline some the more elementary parts Thiele’s work 
(based communication the writer from the late Dr. Gram, 
1903) is, follows (for numerical details see Table 18): 

the observed frequencies, class intervals the 
variate, 


the values, F(x) (that is, the form suc- 


cessively, step step, from lower upper limits class intervals. 
z 


which, F(x) equals the size the observed sample; that is, the 


—o 
total number observed individuals. 
curve under Step (3) will monotonely increasing function, 
gradually rising from zero upper limit which never can greater 
than 
5.—It evident, therefore, that unique, one-to-one, correspondence 


t 

exists between and the probability integral, dt, 


Mathematical Theory Probabilities,” Arne Fisher, 1930, 236. 


Thiele, 1889. 
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6.—Plot co-ordinate paper the values corresponding The 
form the graph curve drawn through these points will give general 
idea the function that will normally distributed, although itself 
may not normally distributed. 

7.—The functional expression h(x) may assume great variety 
forms, some which are: 


which the usual form the exponential curve error; 


special forms which are az’, az’, etc.; and, log or, 


8.—When known that there both lower finite limit,, and 
upper finite limit, the following form very useful: 


correlation coefficient, for instance, has lower limit and 
upper limit +1. probability can never less zero greater 
than any one instant, the busy selectors over telephone exchange 
can never less than zero greater than the number subscribers. (In 
Poisson’s formula there can theoretically infinite number calls.) 

Among these various transformations the writer first proposes consider 
Equation (57) because the one that has discussed somewhat 
elsewhere and the one which Professor Slade has criticized. Under 
the heading, “Transformations the the author cites Equation 
(10) the definition new generic function credited the writer. 
This statement error; where has the writer made use the 
tion claimed Professor Slade’s Equation (10). The generator that 
the writer used” was the form: 


n 


Moreover, the writer has emphasized the fact that the logarithmic trans- 
formation question, presupposes lower limit, located distance 
units from the mean value the variate (or first-order semi-invariant, 
the real root the cubic equation,” 


which, and denote the semi-invariants second and third order. 
“The Mathematical Theory Probabilities,” Arne Fisher, 1930, 239. 
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The logarithmically transformed generic function, the writer uses it, 


not the function that Professor Slade attributes the writer his 
Equation (10). 

This feature important connection with the author’s “partly bounded 
function,” which defines Equation (11). introducing this allegedly 
“new” function Professor Slade writes, 

“Notice, the first place, that Equation (11) similar the logarith- 
mically transformed function, Equation (10), differing from only the 
power, which raised. The difference fundamental, however. 
just this added parameter, that makes Equation (11) more than 
‘normal’ for the logarithms the variate and which brings about remarkable 


simplification the formulas. this indeed, that makes Equation 
(11) true generalization Equation (1).” 


this case the author has magnified the mathematical symbol, out 
all proportion; his Equation (11) identical the logarithmically trans- 
formed generator Equation (59) which has criticized his discussion 
some the writer’s work. 

proposed Professor Slade Equation (11) his function the 
form: 


writer has used it, the form Equation (59), with 


which simply states that the quantity, log a), 


normally distributed around mean value, with dispersion (or standard 
deviation) equal 

This generator algebraically identical the “partly bounded function” 
generator Equation (59), therefore, also applies his own “partly 
bounded function” (Equation (11)). 

way illustration may interest apply the methods 
advocated the writer Professor Slade’s “Example a.” The author uses 
moments, whereas the writer has preferred use semi-invariants, which, 
rule, are easier handle numerical calculations. However, when the 
moments are taken around the mean origin, found that the first, 
second, and third moments, and ps, are equal the semi-invariants, 

The equation for determining the value is, therefore: 
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for which the real root found 1.948 (with 3.795). Con- 
sequently, the lower limit, equals 2.335 1.948, 0.387. 


313.1 


The computation the ordinates given Table 12. will noticed 
that the final results are exactly the same those Table and are reached 


TABLE DETERMINING FREQUENCY CuRVE 


(2) (3) (4) (5) (6) 
0.4 0.296 0.521 0.3483 109.1 
0.960 0.778 1.370 0.1561 48.9 
1.285 1.103 1.942 0.0605 18.9 
1.529 1.347 2.371 0.0240 7.5 
1.725 543 2.717 3.1 
1.889 1.707 3.00 0.0044 1.4 
2.030 848 3.254 0.0020 0.6 
2.153 1.971 3.470 0.0010 0.3 
2.263 2.081 3.664 0.0005 0.2 


with less effort than that involved the method proposed the author’s 
paper. Professor Slade’s Objection (a), under the heading, “Transformations 
the Variate,” can met the statement that his (Slade’s) method 
requires the identical solution the same type cubic, expressed his 
own Equation (24). Moreover, seems that his (Slade’s) theoretical develop- 
ment, involving Equations (12) (42), umnecessarily unwieldy and 
considerably more complicated than the writer’s (Fisher’s) theory. 

“Example the author has quoted certain data from the writer’s 
investigations and states “that the work required fit these data the 
present [Slade’s] method quite negligible compared that which Fisher 
must obtain result that ‘satisfactory for all practical purposes’.” 

the light what has been said before reference the writer’s own 
Equation (59), which algebraically identical to, and easier handle than, 
the author’s “partly bounded function,” the foregoing and somewhat dogmatic 
assertion Professor Slade becomes invalid far the generating 
function, concerned. 

Table the values the symbols, and used Professor 
Slade, are compared with the corresponding values the symbols, (or 
and that enter into the formulas that the writer has used.” Referring 
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Remarks 
Symbol Value Symbol Value 
(1) (2) (3) (4) (5) 

2.826 2.826 Identical 


The logarithmically transformed variate (on the basis age intervals 
yr) becomes,” 


with generating function the form: 


0.420 
0.420 


(1) (2) (3) (1) (2) (3) (2) (3) 


The computed mid-ordinates, using the correctly computed generating 
function (Equation (65)), are listed Table 14. 

easily recognized that the generating function itself (or Professor 
Slade’s “partly bounded function”) not powerful enough represent the 
observations (which are not only skewed, but peaked “top heavy”). Indeed 
this becomes evident one computes the fourth-order semi-invariant, which 
serves characterize the peaked character, the flatness, the curve. 
For this very reason becomes necessary resort more refined gradua- 
tion means Gram series the form: 


which, the generating function computed Equation (65) and 
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(x) and (x), its third and fourth-order derivatives. This further gradua- 


tion may carried out least squares,” and results the distribution 
shown Table 15. 


TABLE 15.—Frequency Gram 


(2) (1) (2) (1) (2) (1) (2) (1) (2) 


Fig. which demonstrates the superiority the Gram series, affords 
comparison between: (1) The original observations; (2) the computed 
frequencies based single generator, Equation (65); and, the 


+40 


Number of Employe: 
Values of t 


Values of Length, z, in Centimeters 
Fic. 


quencies computed from Gram series. application the so-called 
test “goodness fit,” devised Pearson and Fisher also shows 
that single generating function does not suffice describe the observations. 
The test for “goodness fit” (which might better termed test for 
fit”) gives altogether too much weight, however, the infrequent 
and rare observations toward the ends the curve. superior, although 
rather lengthy, test offered through the so-called “error critique” Thiele. 
This “error critique,” which utilizes ingenious system weighting, also 
shows the superiority the Gram series. 
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reference “Example c,” giving forty-nine individual observations 
rainfall, the writer recommends the following simple procedure preference 
the tedious method proposed Professor Slade. the Naperian logarithms 
the forty-nine individual measures rainfall are arranged inter- 
vals 0.1, the resulting frequency values are shown Table 16. 


(1) (2) (1) (2) (1) (2) 
3.4 to3.5 2 3.8 to 3.9 ll 4.1 to 4.2 2 
3.5 to3.6 0 3.9 to4.0 14 4.2 to 4.3 1 
3.6 to3.7 7 4.0 to 4.1 + > 4.3 0 


elementary and rapid calculation yields the value, (2) 3.852, 
for the mean, 0.164 the value for the dispersion (or 
standard deviation). The simple normal exponential frequency curve, there- 
fore, takes the form Equation (59) thus, 


0.164 


log 3.852 
0.164 
Table are listed Table 17. 


Taken from Table Probability Integral,” Statistical Methods,” Davenport, Table IV, 
119, John Wiley Sons, New York, 1904. 

The fact that the logarithms the measures rainfall have been regarded 
the observed quantities leads immediately the Laplacean probability 
function, normal error curve, without going through the more complicated 
calculations the logarithmic transformation. This fact, however, leads 
one question the undue stress that Professor Slade has put the existence 
upper and lower limits, situated within finite range, instead extending 
from minus infinity plus infinity the normal exponential error law. 
one were insist definite upper and lower limits the direct measures 
rainfalls, why should one not also insist definite limits, finite range 
variation, for the logarithms the measures? 


a- 
_| 
e- 
(2) (3) (4) (5) (6) 
3.401 —0.451 0.00298 0.14 
35 3.555 —0.297 —1.811 0.03507 1.72 : 
3.689 —0.163 0.16158 7.91 
3.807 —0.274 0.39204 19.20 
3.912 0.060 0.366 0.64281 31.50 
55 4.007 0.155 0.945 0.82766 40.55 ae 
60 4.093 0.241 1.470 0.92922 45.53 
65 4.174 0.321 1.957 0.97482 47.76 
4.382 0.530 3.232 0.99938 48.97 
or 
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The writer has referred briefly Thiele’s “pseudo-normal” variates, and 
has mentioned, special case, the transformation, 


which, and represent the upper and lower limits the 
This transformation can shown identical that proposed Professor 
Slade his “Most General Function,” Equation (452). sure the latter 
contains apparently five constants against four Equation (68), but the 


Anti- 
t 
(1) (2) (3) (4) (5) (6) (7) (8) 

1 25 1 0.001 |—3.090 1.398 1.845 
12 30 13 0.013 |—2.227 1.477 1.813 
32, 35 45 0.045 |—1.696 1.544 1.778 
62 40 107 0.106 |—1.248 1.602 1.740 
ee 106 45 213 0.211 |—0.803 1.653 1.699 
138 50 351 0.348 |—0.391 1.699 1.653 
Oh), SPP 159 55 510 0.506 0.015 1.740 1.602 
eee 182 60 692 0.687 0.487 1.778 1.544 
ae 155 65 847 0.840 0.994 1.813 1.477 
lo ae 92 70 939 0.932 1.491 1.845 1.398 
49 75 988 0.980 2.054 1.875 1.301 
oo! 18 80 1 006 0.998 2.879 1.903 1.1% 
| er 1 85 1 007 0.999 3.090 1.929 1.000 


Value Column (7) Column (9) Column (10) 


008 times Observed 

minus minus If 
centimeters Col (8) 0.129 Column (13) 
(9) (10) (12) (13) (14) (15) 
—0.477 —0.576 0.0036 0.0036 3.6 
25 to 30..... —0.336 —0.465 —2.173 0.0149 0.0113 11.4 12 
30 to 35..... —0.234 —0.363 —1.696 0.0449 0.0300 30.2 32 
35 to 40..... —0.138 —0.267 —1.248 0.1060 0.0611 61.6 62 
40 to 45..... —0.046 —0.175 —0.818 0.2067 0.1007 101.5 106 
45 to 50..... 0.046 —0.083 —0.388 0.3490 0.1423 143.4 138 
50 to 55..... 0.138 0.009 0.042 0.5168 0.1678 169.1 159 
55 to 60..... 0.234 0.105 0.491 0.6883 0.1715 172.9 182 
60 to 65... 0.336 0.207 0.967 0.8332 0.1449 146.1 155 
65 to70..... 0.447 0.318 1.486 0.9314 0.0982 99.0 92 
70 to 75..... 0.574 0.445 2.079 0.9812 0.0498 50.2 4g 
80..... 0.727 0.598 2.794 0.9974 0.0162 16.3 
0.929 0.800 3.738 0.9999 0.0025 2.5 


fifth constant, corresponding Equation (45a), contained the value 
Moreover, Professor Slade’s Equation (45d) appears that the con- 
stant, expressed terms the other constants, that after all there 
are only four constants. 

“Example which Professor Slade has chosen illustrate his “most 
general frequency function” too fragmentary much use. 
observed statistical data are given, except rough graphical representation 
Fig. the paper. 

illustration this function and also the identically same type 
transformation (Equation (68)) mentioned Gram, the writer presents, 


= 
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Table 18, Columns (1) and (2), some Dr. Giltay, Wagen- 
ingen, Holland, lengths, centimeters, 008 oat stalks. 

Column (1) shows the length, centimeters, the 1008 stalks; Column 
(2) gives the frequencies, the intervals shown Column (1); 
Column (4) contains the accumulated absolute frequencies; Column (5) lists 
the accumulated relative frequencies; and Column (6) are the values 


found entering the table the probability inversely which 

explains the heading for Column (6) the anti-probability 

The points, corresponding are plotted small circles Fig. 
approximately. However, this gives poor fit, because glance the curve, 
shows that has pronounced point inflection its central 
region and tapérs downward more rapidly than the straight line; and, likewise, 
rises more rapidly upward than the straight line. Consequently, the normal 
error curve that implies linear relation does not apply the observations 
they stand. The geometrical form h(x), moreover, leads the 
assumption finite upper and lower limits, postulate that, 


The next step, therefore, estimate the numerical values these upper 
and lower limits, find approximation and zn. possible 
several algebraic approximations; but this tedious process, and 
preferable use graphical methods which great variety available. 
very rapid process has been suggested the Netherlands mathematician, 


The the logarithms the fractions, x), shown 
Columns (7), (8), and (9), Table 18. 

The next step now find the values the constants, and (or 
and n), Equation (70). This most easily done the method least 
squares. the interval from (in which the majority the 
observations fall) chosen, the anti-probability shown Column 
(6), Table 18, may considered observed value that 
expressed the linear relation, 


t=klo 
(71) 
The coefficients that is, 


545, from which the present example relating to oat stalks is taken. 
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are given Column (9), Table 18, and 1.000 may taken provisional 
preliminary value the following schemata observation 
equations are obtained: 


1.000 1.000 0.015 
1.000 0.234 1.000 0.487 
—0.046 1.000 1.000 0.994 

0.046 1.000 —0.391 0.447 1.000 1.491 


From these observation equations one finds (in the riotation Gauss) that: 
[aa] 0.465; [ac] Sac 0.783; [ao] Sao 1.704; [ec] 


reduces to: 


The calculation the graduated curve proceeds now (see Columns (10) 
(15)) simple continuation Columns (1) (9) Table 18. The 
detailed are self-explanatory, and the final column (Column (14)) 
which gives the graduated curve, shows reasonable agreement with the 
observed and ungraduated data Column (2), Column (15). (See Fig. 7.) 
The same curve type has been discussed Van Uven, and interest 
compare his form with Equation (71). Van Uven writes as, 


Zn — In — In 


which, zm, fifth constant, analogous the constant, Professor 
Slade’s Equation (45a), equals the value the median the observations. 


evident that the quantity, log must fall very close the 
Zn Im 


value Equation (69), because the fact that assumed 
normally distributed, which implies that the mean value, coincides with 
the value that corresponds the median, zm, the observations. The 
median the observed values falls close that 


log log 0.1289, which checks with the previously 
In — Im 40.5 


lated value 0.129. 

The restriction Van Uven let the mean the transformed curve 
equal the particular value that corresponds the median the observa- 
tions analogous, although not equivalent, the introduction the author’s 
constant, make the second moment the final curve agree with that 


Frequency 


[ 
‘ 
| 
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the statistics, which its best nothing more than kind artificial 
tour force. 

the opening paragraphs his “Synopsis” Professor Slade refers 
justification for the introduction new function field that literally 
teems with such studies.” Enough has probably been said the preceding 
paragraphs demonstrate that there little, any, newness the formulas 
presented; they are, all practical purposes, identical with those known from 
the old methods logarithmic transformations the variate. 


~ 


% 27 32 37 42 47 5257 62 67 72 77 82 7 
Length in Centimeters 


All such methods back Thiele, who always took critical attitude 
the Gaussian law error with its implied postulate the arithmetic 
mean the most probable value. early 1866, Thiele introduced the 
alternative postulate the geometric mean the most probable value, thus 
antedating McAllister, Fechner, Pearson, and other writers many years.” 
Thiele’s investigations led him the obvious fact that the geometric mean 
the observations yields the most probable value, the arithmetic mean 
the logarithms the observations must yield the most probable value the 
logarithms the observations, that the logarithms the observations 
are assumed normally distributed, law error can found for the 
observations themseleves logarithmic transformation the variate. Such 
law must necessarily lead the geometric mean the observations the 
most probable value. 

the text following Equation (7) Professor Slade states “in Thiele’s 
solution, given definite integral which, unfortunately, cannot 
integrated; that the net result elegant mathematical process which 
ultimately gets nowhere.” 


180 
Ages 
Fie. 
3. 


FISHER ASYMMETRIC PROBABILITY FUNCTION 


The solution which the author refers the one which the frequency 
function expressed definite integral equation the form: 


which, 


let the complex quantity, take the special form, 
then the solution for is: 


which the well-known error law Poisson.” 


Also, all the semi-invariants higher order than the second are found 
vanish, the solution becomes, 


the properties the normal curve that all its semi-invariants above the 
second order equal zero. 

Thus, one finds that, not only the normal error law, but also Poisson’s 
celebrated exponential, are contained special cases Thiele’s general 
functions. 


resorting expansion Gram’s series and letting, 


one can also solve Thiele’s integral equation and use the solution for the 
numerical determination the constants, the Gram expansion, where 
the normal Laplacean error curve Equation (77). 

course, Professor Slade points out, Thiele’s general formula may 
other functions than frequency functions. the writer this long 
and well-known fact actually enhances rather than detracts from the value 
Thiele’s work, for the more general formula is, the greater its applica- 
bility mathematical analysis. Professor Slade, the other hand, uses 
this criticism stating that Thiele’s solution “too 
general” for what somewhat ambiguously terms “ordinary purposes.” Such 
argument can scarcely considered mathematically sound. accepted, 
would imply, among other things, that Fourier series should considered 


Mathematical Theory Arne Fisher, 265. 
cit., 198. 
cit., pp. 209-210. 
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inferior Taylor power series, although the Fourier series able 
express all functions that can expanded Taylor’s formula and many 
other functions well. 

The same argument being “too general” again used Professor 
Slade his criticism series. states also that “if deviates 
appreciably from the normal curve, (or markedly skew), may take 
thousands terms get even fair representation.” The writer doubts 
this statement. course, one were foolish enough select generating 
function that did not even remotely resemble the rough observations, one 
might drop such attitude skepticism; but, emphasized both Thiele 
and Gram, the choice the generating function guided the obser- 
vations themselves. For instance, one should not always let the mean and 
the dispersion the generator equal the mean and the dispersion the 
observations. greatly skewed one-sided distributions, such the classi- 
cal example Ranunculus Bulbosus the variate the normal 
generator should not taken as: 


but as, 


and Gram’s series should written as: 


Furthermore, the objection toward the possible occurrence negative 
frequencies mentioned Professor Slade can easily overcome if, like 
Thiele and Charlier, one were write the frequency function as, 


the order, Taking the logarithms both sides Equation (82): 


Multiplying both sides Equation (83) with the ith derivative the 
generator, and integrating over the entire range: 


or, 


Mathematical Theory Probabilities”, Arne Fisher, 226. 
cit., pp. 201-202. 


y j 
: 
5 
e 
) 
7 
| 
> 
| 
q 
| 
{ ‘ 
{ 
o Es 
Le 


FISHER ASYMMETRIC PROBABILITY FUNCTION 


The determination the constants the series through this method 
will never result negative frequencies. fact, the method outlined herein 
one that can highly recommended for curves rainfall, especially since 
excellent tables the Hermite functions are now available, progressing 
intervals 0.01. 

Article Section Professor Slade’s paper devoted discussion 
prove the self-evident fact that approaches the skewness vanishes, 
Equation (11) will converge toward the normal Laplacean curve limiting 
form. order show this, the author goes through lengthy mathematical 
analysis limits involving certain results originally presented the French 
mathematician, L’Hospital. course, such complicated networks for- 
mulas for limits become wholly superfluous under the methods advocated 
Thiele because, the skewness, (what the same thing) the third (and 
higher) order semi-invariants vanish, obvious corollary derived from 
Thiele’s theory that the resulting curve always Laplacean normal form. 

most interesting point that Professor Slade has very briefly touched 
upon that compound frequency curves (see “II—The Partly Bounded 
Function,” Requirement somewhat difficult problem from the standpoint 
mathematics, but the same time the one that probably the most 
important actual practice. Every frequency distribution observed 
Nature really compound frequency curve, composed several subsidiary 
error curves, either normal non-normal types. 

this connection, inteest point the remark which the French 
mathematician, Poincare, made his German colleague, Lindemann; 
“The mathematicians,” Poincare said, “imagine that the law errors 
fact observation, and the observers fancy that theorem demon- 
strated mathematics.” Neither one these beliefs true. matter 
fact, the Russian mathematician, Tschuprov, discussing whether not 
possible demonstrate means empirical methods the existence 
non-existence the exponential law error, reached the conclusion that 
none the numerous (and times vast) collections, derived from precision 
and astronomical measurements, offers proof the actual existence the 
postulated Gaussian error law. Tschuprov himself leaned toward the opinion 
that the observed statistical samples, especially the larger samples, tended 
the actual existence Nature the celebrated law error 
such had been derived from purely mathematical speculations. 

The Danish biologist, Johannsen, furthermore demonstrated means 
experimental research work plant physiology that many the biological 
variation curve types, discussed Galton and Karl Pearson normal error 
curves skew curves, reality were compound frequency curves, composed 
two more mathematical frequency This important fact led 
Johannsen the introduction biological research his celebrated “pure 
lines.” 

other places the writer has made use this idea compound fre- 
quency distributions and “pure lines” the construction mortality tables 
from giving the deaths sex, attained ages death, and cause 
death, but without knowing the therewith correlated number living per-, 


kh of 
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sons exposed the risk death.“ sense this purely synthetic method 
constitutes solution the problem determining the probable values 
series proper fractions, where only the numerators are known, but where 
every one the denominators are missing. course, impossible 
solve this problem mere mathematical quantitative methods. The only 
approach toward solution seems means partly quantitative and 
partly qualitative methods the sense that the numerators, which show the 
observed statistics death, not only possess the quantitative attributes 
attained ages death, but also the qualitative attributes the causes 
death. These two elements combination with certain biological hypotheses 
make least approximate solution possible means mathematical 
synthesis. 

Fig. the result such construction shown relation the 
mortality among Australian males for the period 1907-1915. The compound 
curve represents the well-known column, “curve death,” found 
all first-class mortality tables; the subsidiary causal biological com- 
ponents give the death curves from specified groups causes death. 

pointed out Dr. Raymond Pearl, the synthesis proposed the 
writer moves along entirely different lines than the earlier frequency curve 
study Karl Pearson his interesting volume “The Chances Death,” 
for which Dr. Pearl states that “actually there slightest reason sup- 
pose that [Pearson’s method] represents any biological 

Moreover, the synthesis general nature that may equally well 
applied engineering problems. Mr. Bassett for example, has 
made use the design and construction high-speed elevators, and 
seems equally well adapted for the study rainfall taking into 
consideration the therewith related geographical, climatic, and geological 
elements. 

question which the utmost importance engineers and observers, 
who usually deal with limited samples, that the mean (or probable) errors 
the constants parameters. Earlier formulas for probable errors the 
constants certain types frequency curves derived graphical 
are defective because their derivation rests the implied assumption that 
the constants are mutually free uncorrelated. This implication 
faulty. The constants such curves are correlated the sense that they all 
depend the lower (or upper) limits the variate; fact, the constants 
are mathematical functions the limits, which the graphical process are 
chosen subjectively the mere aid the eye, were. The bit 
change such limits will influence the other constants. 

The obstacle correlation between the constants exists also the 
transformation with lower limit (or mathematical zero) the 
generator defined Equation (57). The writer well Mr. Sture 


“Frequency Curves,” Arne Fisher, Macmillan Co., Y., 1922, and also article 
1925 Skandinavisk 


Biology Raymond Pearl, Philadelphia, Pa., 1922, 101. 


“Power Calculations for Elevators the Method Probabilities”, Bassett 
Jones, General Electric Review, 1930, pp. 545-555 and 


“See, for example, Transactions, Am. Soc. E., Vol. (1927), 
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Nydell have succeeded, however, overcoming this obstacle and have been 
able give the following approximate formulas for the mean (or standard) 
errors (or a), and 


(m) 


which the mean error; the number observations (or size 

Professor Slade’s “Example a,” one finds 1.442; 1.948; 
(m) 0.5367; and (n) 0.2192, which shows that the value the 
logarithmic mean, decidedly uncertain because its mean error approxi- 
mately three times the value itself. 


several issues which would desirable discuss somewhat detail. 
the first place, the paper bears, parts, close resemblance the earlier 
works Thiele, Gram, Jorgensen, and Fisher. Secondly, raises the moot 
questions small samples and chance errors relation various pseudo- 
graphical methods. Last, but not least, there arises the important question 
whether not the entire problem the statistical analysis rain- 
fall, instead being viewed homogeneous (or homograde) mass 
phenomenon, might not better thought heterogeneous object and 
analyzed the aid compound frequency curves. 

point very properly emphasized Professor Slade that “the use 
probability paper and other graphical devices undesirable practice,” 
especially when drawn logarithmic semi-logarithmic scales. The prac- 
tice graphical process, matter how carefully and judiciously may 
performed, not reliable rule when applied limited number 
observations small sample. Investigators who have occasion use 
statistical methods should extremely cautious, therefore, lest they led 
astray the broad some the graphical schemes general 
procedure for the analysis small samples. case point the paper 
Goodrich, Am. Soc. (cited the author) which the 
assertion that the graphical method proposed “is developed especially 
for the examination records consisting from about observations.” 

illustration the danger applying graphical methods small 
samples observations, the following data relating some hitherto un- 
published investigations yeast wine cultures may interest. 


Statistical Asst. and Draftsman, Western Union Telegraph Co., New York, 
Transactions, Am. Soc. E., Vol. (1927), 42. 
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series 149 samples, each containing individual observations, was 
taken from certain pure yeast cultures present blend high-grade 
vintages. The statistical object question was found vary from 
observed low value high value about 27. Table gives the 


Intervals the Sample Sample 149 Intervals the Sample Sample 149 
variate samples variate No. No. 
combined 

(2) (3) (4) 


frequency distribution in: (1) The 32d sample (chosen random); (2) 
similar distribution for the 87th sample (also chosen and (3) the 
frequency distribution all 149 samples combined. the 32d sample 


fitted graphically, choosing the lower limit™ 10, the following equation 
obtained 


When fitted Gram series: 


with 16.2) :2.624. The mean error (or 0.048) equals 
0.057 and shows that reliance can placed the empirically deter- 
mined skewness the small sample 50. The mean error the arithmetic 
mean exceeds 0.7 and the mean error the dispersion (standard devia- 
tion) greater than 0.3. 

The situation quite different the case the combined sample 
7450 individual observations. This sample can fitted Gram series 
the following order (expressed definite integral 


which the generating function and its second derivative, 
with 17.31) :2.68, which results the frequency distribution 
given Table 20, Columns (1) (3). 

The empirically determined skewness 0.045 has mean error 
only 0.0047, about one-tenth the magnitude which indication 
its reliability contradistinction the small sample which the 
mean error was greater than itself. 


Transactions, Am, Soc. E., Vol. (1927), Equation (A). 
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between the relative frequencies and the 
corresponding relative frequencies for the small sample (No. 32) fitted 
the Goodrich formula,” given Columns (6) and (7), Table 20. The 
two curves are unlike and demonstrate the danger inherent any attempt 
evaluate presumptive frequency curve from small sample. 


TABLE 20.—Frequency ror ComBINED SAMPLE 
7450 


Ob- 
| AG(z) Intervals 


<10 
10 to 12 
12 to 14 
20 to 22 
22 to 24 
24 to 26 


view the close correspondence between the observations and 
the Gram frequency curve, many investigators are likely conclude from 
purely empirical considerations that the material question homogeneous; 
such inference, however, would unwarranted. With the aid experi- 
mental laboratory analysis, based the concept Johannsen’s “pure lines” 
and his own theory probability synthesis, Mr. Arne Fisher™ has 
demonstrated that the observed mass phenomenon, instead being 
single type, actually composed three distinctive types, namely, 
Bordeaux vintage (Capestang), Burgundy vintage (Beaune type), and 
vintage from the Crimean Peninsula, characterized the statistical para- 
meters given Table 21. This leads compound frequency curve, such 
shown Table 20, Columns (8) (12). 


Name Mean Dispersion Skewness 


None 
None 
None 


few remarks seem necessary regard the difficult problem the 
mean (or probable) errors the frequency constants. 
the case the regular Gram series this problem offers serious difficulty 
because the orthogonal properties the individual terms the series 


Curves,” Arne Fisher, New York, Macmillan Co., 1922. 


Values Good- | Type | T Type | Com- Ob- t 
(2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
764 657 615 0.088 0.205 569 615 
083 805 846 0.108 0.054 334 489 847 846 
363 280 270 0.038 0.014 223 269 270 
8 
2 584 18.0 1.910 
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which, the terminology Thiele, makes the constants, mutually free 
(independent uncorrelated) each other. 

the case the logarithmically transformed frequency functions 
described Professor Slade, and also the case graphical process, 
there arises, however, the formidable obstacle that the constants are not 
mutually free, but are bound correlated, the sense that their values 
will depend upon the lower (or upper) limits the variate. Any change 
whatever the positions limits will influence the other constants— 
the and the Professor Slade’s formula, other formulas that 
depend lower (or upper) limits. 

Because the fundamental fact that the constants are bound cor- 
related, would seem, therefore, that prior evaluate the mean 
(or probable) errors largely must looked upon failures. The funda- 
mental implications such proofs are that the constants are not correlated. 
Proponents graphical methods admit that “it does not seem possible 
derive any formula for the probable error the index, and, another 
place, discussing the errors the upper and lower limits, also stated 
that “it does not seem possible derive any formulas applicable 
Admissions such those just quoted naturally lead one regard many 
graphical methods light skepticism, were. 

one his requirements, Professor Slade states that “the curve must 
specifiable completely moments higher than the and for 
higher moments “it becomes necessary search for physical substitutes.” 
This sound advice seems complete accord with the following rules 
(1) For first and second semi-invariants (or moments) rely 
exclusively the observations; (2) for semi-invariants higher order 
than the sixth rely exclusively theory; and (3) for intermediate semi- 
invariants (or moments) rely partly upon theory and partly upon the 
observations. 

conclusion, may said that some slight inconsistencies have oc- 
curred the author’s treatment his subject. one place states 
that graphical methods “convey the eye simplicity which does not really 
exist,” yet under Example comparing his own results with those 
Fisher, the author employs rather crude graphical method comparison. 
matters turn out, Professor Slade’s graduated curve Fig. does not 
provide nearly good fit Fisher’s graduation when subjected Pear- 
son’s test “goodness fit.” 


his paper the-writer has necessarily had give considerable weight the 
partly bounded function because was means his analysis that 
was able construct the elements the totally bounded curve. his 
work, however, has not had occasion make use it. This former func- 


As, for example, Transactions, Am. Soc. E., Vol. (1927), pp. 97-102. 
Loc. cit., 99. 

Mathematical Theory Probabilities,” Arne Fisher, 217. 

Prof. Eng. Mechanics, Rutgers Univ., New Brunswick, 
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tion merely limiting case the latter, which one the bounds 
comes infinite, and the problems that has considered the bounds, 
obviously, have been finite. Perhaps one the reasons that much the 
work statisticians has been unavailable the engineer for hydrological 
investigations that statisticians are interested usually graduating the 
middle range frequency distribution, the extreme outer 1%, say, 
the distribution being relatively slight importance them. The hydro- 
logist, the other hand, frequently interested mostly this outer 
the range. for this reason that one must insist the determina- 
tion the limits the range. absurd for probability function 
give finite probability Noah’s flood. modern times, there simply 
not enough energy resident the atmosphere produce anything like it. 

Equations (45), given the writer’s paper, are based easy gen- 
eralization Equations (44). apparent, once, that the factor, 
belongs therein and that not merely kind artificial tour force,” 
Mr. Fisher expresses it. the paragraph following these equations, 
the writer states that their form will probably need modification. more 
extended analysis has shown that this indeed the case. Their correct form, 


and, 


When b — 9, then, 


his discussion Mr. Williams states that “any purely mathematical treat- 
ment stream-flow data presumes the outset that all the data are equally 
reliable,” and, from this, infers that there are limitations the analytical 
method which are partly absent the graphical treatment.. The analysis 
physical problem begins when all the data relevant the problem are 
known, and these data necessarily include knowledge the reliability 
the observations. The purely mathematical treatment begins, first all, 
with the proper weighting these observations, for which various methods 
are well known and widely used. The writer can not agree, therefore, with 
the idea that the analytical method inferior the graphical because the 
free-hand curve “can shifted give more less weight certain points.” 
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Mr. Williams’ objection listing the complete set peaks stream- 
flow record well taken. the first place, difficult define peak, 
particularly the range small flows, observes; second, difficult 
estimate above what datum the peak should taken (that is, statistically, 
peak accidental irregularity above smoothed hydrograph, and 
difficult smooth the hydrograph and, third, peaks are not uncor- 
related quantities and, consequently, simple analysis their distribution 
not possible. presenting this paper the writer limited himself the 
analysis the generalized probability function, and did not attempt 
offer method for the analysis stream-flow characteristics, The illustra- 
tion the peaks the Tennessee River record was given merely show 
that extremely skewed and platykurtic distribution could closely fitted 
means this curve. Using the corrected Equations (88) and esti- 
mate the extreme flood (415000 per sec) based the following 
method, much closer fit obtained. 

The use the partial series peaks above the “one-year flood” open, 
least statistically, fourth objection, namely, that error, which may 
serious, introduced assigning probability the “one-year flood.” 
Because the indeterminacy this error the writer has not been able 
make estimate the reliability the probabilities obtained from curve 
fitted such series. 

The writer concurs with Mr. Foster’s opinion that Pearson’s curves satisfy 
all the desiderata presented his paper for generalized frequency curve, 
provided all the types Pearson’s development are included. 
the border cases one type cannot substituted for another, and order 
select the proper type for distribution necessary use Pear- 
son’s criterion something equivalent (implying the computation 
moments through the fourth). The statistical characteristics beyond the 
standard deviation computed from small samples (say, samples with less 
than 100 items) are unreliable that they are useless. This statement needs 
mathematical proof (although such could readily given); the experi- 
ment may tried drawing small samples from fairly large population, 
and, from these samples, the mean, standard deviation, and the skewness may 
computed. will then found that, although the first two character- 
will vary, they will show remarkable uniformity, nevertheless, com- 
pared with the wide fluctuations the latter. 

Table meets the objections the labor involved graduating dis- 
tributions means this function. greater detail needed than 
given this table, then, perfectly straightforward computation and the 
use tables the probability integral, Equations (88) may utilized 
fill this detail. Tables the probability integral have been published fre- 
quently and distributed widely; Mr. Foster’s statement that these tables are 
“not always available the practicing and that “even avail- 
able, might easily lead the average engineer into difficulties” is, therefore, 
quite disturbing. The answer this objection probably that the “average 
engineer” should not attempt, with his small equipment, analyze highly 
specialized and difficult problem. Undoubtedly, true that some kind 
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answer may always found easily any statistical problem, but 
the interest “practical purposes” that this answer should questioned 
and its reliability tested. unfortunate that statistical analysis does not 
offer many short cuts, particularly since wide variety important problems 
yield other kind analysis. 

Both Professors Goodrich and Mavis disagree with the writer’s statements 
regarding the undesirability graphical methods analysis. These state- 
ments the writer intends, course, apply the graphical analysis sta- 
tistical problems specifically, because well aware the value 
graphical analysis general. Without entering into elaborate arguments, 
his objections the graphical method may stated briefly, follows: 
n-parameter curve fitted set data, then exactly inde- 
pendent statements must used determine these parameters. statis- 
tical series capable furnishing four independent, significant character- 
istics (for instance, the mean, standard deviation, skewness, and kurtosis, 
or, the writer prefers for small samples, the mean, standard deviation, and 
the two end points the range variation), then these statements are 
sufficient determine reliably four-parameter curve; more parameters may 
determined making use moments higher than the fourth, 
the method least squares; but the significant characteristics the dis- 
tribution are only four, the added work meaningless; that is, there 
definite point beyond which the flexibility curve undesirable. Now, 
free-hand curve many-parameter curve (theoretically the number 
parameters infinite), and there seems way making the order 
its flexibility agree with the flexibility that the statistics can significantly 
stand. 

Professor Goodrich’s method undoubtedly gives closer fits great 
many cases than are obtained the function the writer proposes (the partly 
bounded function obviously not flexible enough represent the variations 
the samples given illustrations), but this .dded flexibility scarcely 
desirable feature when dealing with inadequate samples. 

functional analysis (as distinct from statistical analysis) the probable 
errors the constants curve fitted set data may computed 
the methods developed from the theory least squares because the reason- 
able assumption (in most cases, any rate) that the variations the obser- 
vations from the true relation follow symmetrical law closely 
represented the Gaussian normal. fitting curve statistical 
series, however, the errors arise entirely different manner; they are 
errors the characteristics the distribution function itself. These errors 
are seldom small quantities the first order, and one scarcely justified 
computing the probable errors the constants the curve from them, 
even though means them the difficulties correlation emphasized 
Messrs. Fisher and Kempert are obviated (since statistical characteristics 
are mutually independent). 1902, Pearson the probable errors 
statistical characteristics. The writer uses these values, reducing the order 


the Mathematical Theory the Errors Judgment,” Philosophical Transac- 
tions, Royal Soc. (London), 198, 1902, pp. 
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the moments any desired degree suitable recursion formula (Equa- 
tions (22), for instance), and computes two curves, one with the errors 
added the characteristics computed from the sample and the other with 
the errors subtracted. This gives range within which the curve character- 
istic the population has something better than even chance lying, 
The important and difficult subject errors sampling has not yet 
received adequate attention from engineers. 

Professor Mavis raises important question with regard the repre- 
sentation finite and discrete variates means smooth frequency 
curve. Few phenomena applied mathematics have been misunderstood 
the nature frequency function. smooth curve does not imply that 
the variate continuous that the variations are infinite number, 
although so-called derivations, still abundant treatises, such notions 
appear implicitly and explicitly. The fact that the ordinates frequency 
curve not give frequencies. The frequencies are always given the 
area included between the curve, the class interval, and the two class 
These frequencies, therefore, are always discrete. true that the mid- 
ordinate class (when the class interval taken usually numer- 
ically close the frequency the class, that this ordinate often taken 
the frequency; but the frequency always given area. When the 
variate continuous and the number variations infinite, one may only 
estimate the frecuency the values the variate within the class limits; 
the continuous case, the frequency single value always zero. 

calling the totally bounded function the most general homograde 
tion, the writer stating definition and, consequently, cannot falling 
into logical error. is, effect, formulating physical law. This 
formulation empirical, and will take experience and not 
prove right wrong. well known that the small errors precise 
measurements are distributed, high order approximation, according 
the normal law. The mean and the standard deviation are the two char- 
acteristics necessary determine such distributions and, for them, there 
are other independent characteristics. When the causes producing varia- 
tions are not infinite number and are not mutually independent, then 
these two characteristics not suffice and two others must introduced. 
The writer then considers the four-parameter generalization the Gaussian 
normal the most general homograde distribution, more complicated distribu- 
tions being merely superpositions this type. 

Thiele’s observations, mentioned Mr. Fisher, regarding the “pseudo- 
normal” variate, are not discoveries the theory statistics, but 
merely special cases theorems from the general theory curves. Any 
two curves, provided they satisfy certain conditions uniformity, may 
always transformed into one another suitable transformations. 
theory “pseudo-normal” variates, therefore, quite general the 
integral equation the Gram-Charlier formulations. The great advantage 
such observation (and the writer has availed himself it) that 
tables the probability integral may used with the more general function. 
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The writer was error attributing Equation (10) Mr. Fisher, and 
did not notice, until was too late acknowledge it, that the partly 
bounded function exactly equivalent his generic function; was con- 
fused, reading Mr. Fisher’s treatise, the discussion the “mathe- 
matical zero.” The writer objects the use generic function, 
least when dealing with small samples, for reasons already stated. 

The work the Danish statisticians known the writer only through 
Mr. Fisher’s work and was not aware Thiele’s generalization, Equa- 
tion (68). Thiele. however, does not show how compute the constants 
this curve terms the statistical characteristics; this respect, any 
rate, the writer has shown some originality. The awkwardness the writer’s 
presentation, referred Mr. Fisher, was large extent, unavoidable. 
the first place, the writer has definite limitations expression and knowl- 
edge; the second place, the “obvious” detail the analysis and the choice 
mathematical procedure was deemed desirable presenting paper 
this sort engineers instead mathematicians. defense the analysis 
Article Section II, which Mr. Fisher considers superfluous, the writer 
should like state that the approach the logarithmic function the 


limit, the skewness vanishes, means self-evident (although 


may well known mathematicians). the transformation chosen had 
been the simple “pseudo-normal” variate, then for value 


the parameter, would the resulting curve have reduced the normal, 
Thiele’s theory notwithstanding. Thiele’s theory leads the Gaussian for 
the vanishing the higher parameters simply because the form chose 
for his semi-invariants. Another form would have led different funda- 
mental function. The theory integral equations teaches one that the 
normal functions problem depend the kernél the equation and not 
whether the equation arises the theory statistics, mechanics, 
some other manner. Thus, happens that Equations (75) and (78) are 
mathematically equivalent. Both represent any function, whether frequency 
not, which continuous and vanishes, together with its first derivative, 
infinity both directions. 

Mr. Fisher inaccurate inferring that the writer’s statements regard- 
ing the generality these two equations implies that Fourier series 
inferior Taylor series. What they imply that both the Fourier 
and the Taylor mathematical devices which sometimes offer 
comparatively easy means solving difficult problem— more often than 
not the solution thus obtained will purely formal and little practical 

Elsewhere,” the writer has proposed method for determining the maxi- 
mum and minimum floods from record yearly floods. this method 
the constants have been determined only for use with yearly floods and 
stands, not applicable the example furnished Mr. Hall. The 
form the equations has been suggested theory—physical and statistical— 


Report the Mississippi Valley Committee, July, 1935. 
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but their use their present state can justified only the 
the results obtained means them the problems attempted the 
writer. The following quantities are used: maximum upper deviation 
from the mean, where the mean taken maximum lower 
tion from mean; maximum observed upper deviation; maximum 
observed lower deviation; drainage area, square miles; mean 
flood, feet per second; and, number years record. From 


these the following two quantities are computed: storm index; and, 


3 
flood index. 


Using logarithms the base 10, compute: 


from which the maximum upper deviation computed the formula: 


cubic feet per second, the maximum flood will given M(1 g). 
For the maximum lower deviation the same two equations are used, except 


substituted. Equation (90), then, gives quantity, say, from which, 


that where appears, 


b’) 
and the minimum flood given feet per second M(1 

The late Allen Hazen, Am. Soc. E., presented® example that 
shows the effect the large flood 1913 the yearly flood record the 
Substituting these values Equations (89) and (90), found that 
2.225, from which 3.225 41700 134600 per sec for the maxi- 
mum flood. the 34-yr ending 1923 taken, then the quantities 
2.285 and the maximum flood 144 600 per sec. Although the two 
graphs show quite different characteristics, the values computed from them 
for the maximum flood are seen fairly close. Likewise, from two 
records the Arkansas the maximum flood computed close 

Flows,” Allen Hazen, Wiley Sons, New York, 1930. 

cit., Fig. 38, 89. 


Loc. cit., Fig. 15, 78. 
cit., Fig. 29, 89, and Fig. 34, 84. 


th: 
the 


(89) 
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50000 per sec. These two rivers have equal drainage areas, but 
quite different flood and storm indices. (The storm index herein given 
very variable quantity and characteristic the particular record 

use Table 22: (a) Find the mean, and the standard deviation, 


values corresponding percentages time for various values and 

First-difference interpolations will usually necessary. Then, compute 

(d) M), which plotted against the corresponding 

Table the paper simply gives the particular case which infinite. 
may stated explicitly that the tables are computed for but that, 
because the homogeneity the function, any standard deviation taken 
into account Step (d) the foregoing instructions. When greater 
than the function left skewed. Because the symmetry and 
the logarithmic linear fractional transformation, the same tables may 
used that case merely interchanging and 

For instance, taking the 34-yr record for the Hudson River, 2.285; 
and, 0.525. Hazen gave the value, 0.37, for the standard deviation, CV, 
this case, and attempt made fit the curve with this value, 
found too far off the main body the statistics—the 1913 flood pulls 
considerably. this poor fit gives this flood probability 
being equalled exceeded but once about yr, that since this flood 
contributes vastly more than its share the standard deviation, one may 
conclude that better estimate this value may made taking only the 
forty-two values that exclude it. this way the standard deviation found 
0.26. (For all these computations the flood magnitudes have been scaled 
from the diagrams previously cited,” and 10-in. slide-rule has been used.) 

compute the standard error the standard deviation, first calculate, 


from which the required error given by, 


Equation (93) obtained from Pearson’s relations for the error the 
moments connection with the recursion formulas, Equations (22), and 


‘modified applicable the general function. These expressions are 


not exact, but they give values for the error comparable those obtained 
the cumbersome exact formulas. Using the foregoing values for the 
Hudson River, the error found 0.04. The curve for 0.26 0.04 
0.3 will computed. With this value, 1.75 and From 
Table 22(d) interpolating between the columns for 1.5 and 2.0, 
Column (1) Table obtained. Column (2) obtained from 
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Table 22(e) the same interpolation. Then, adding Column (1) 
23, 0.36 times the differences between the entries Columns (1) and (9), 
(3) obtained. Column (4) 0.8 Column (3) and 
plotted against the %-of-time values given lumn (5), Table 23. The 
shown Fig. For 0.26 the curve slightly flatter and 
crosses the plotted curve about the mean. 


(3) 


Equations (89) and (90) should not used for areas less than 
1000 mile nor for records less than about yr. 


Ratio of Flood to Mean 


9795 90 80 70 60 50 40 30 20 | ae) 2 1 05 0201 0.01 0.001 0.0001 
Percentage of Time 


Acknowledgment.—Equations (89) and (90) were developed while 
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indebtedness Messrs. D.- Abramowitz and Mandel for constructing 
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ANALYSIS CONTINUOUS STRUCTURES 
TRAVERSING THE ELASTIC CURVES 


STEWART. 


Synopsis 


method analyzing the moments the members continuous frames 
geometrical solution the alignment their elastic curves, presented 
this paper. Memorized copied slope-deflection equations are not used, 


and series rules for the signs moments, rotations, and deflections are 
unnecessary. 


Three basic principles are 


(1) The angular change the tangents any two points the elastic 
curve flexed beam equal the area between the two corresponding 


sections the diagram. 
(2) The curvature mentioned Principle (1) may represented 
angle which, radians, numerically equal the corresponding 
This angle platted opposite the center gravity the part the 


diagram under consideration. 


(3) For any unit the triangular traverse the cor- 


October, 1934, Proceedings. 
1 Engr. of Structural Design, City of Los Angeles, Los Angeles, Calif. 
Engineering, February, 1934, 88. 
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responding unit the elastic curve can constructed. This triangle 
composed the tangents and the chord the elastic curve. The angle 
tween the tangents given Principle angle between tangent 
and the chord directly proportional the opposite side. This 
beam flexure the angles are small that they may taken equal 
their sines. 

The traversing triangle thus constructed can solved one angle and 
one side are known. 


the cantilever beam (Fig. 1), the traversing triangle ABC. The 


angle, equal the area the moment diagram Angle 


CAB and Angle CBA The deflection equals: 


alternate solution the full length the beam may multiplied 


(1) 


Fig. represents span continuous beam flexure which involves 
end slopes, end moments, and end translation indicated. dividing the 


M 
) 


| | 
aA Cc 4 

Fic. 1. Fic. 2. 


moment diagram into units will simplify the solution add the dotted 
line, AB, and treat the moment diagram being composed two triangles, 
ABD and BAC, each running the full length the beam. The triangle, 
positive addition the real M,-triangle and negative addition the 
real M,-triangle and, therefore, cancels its effect the final deflection and 
end slope the span. 

From the center gravity Triangle ABD drop vertical the tangent 
through the left end the elastic curve and lay off equal the area 
Triangle ABD. From the center gravity Triangle BAC drop 
the lower leg and lay off equal Area BAC. Produce the 
leg the right end the beam and draw the horizontal line indicat 
ing the end slope, 
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From Fig. now possible read the following equations: 


A; + A, = 0, + A; 
and, 


1 3 1 3 . (3) 


Solving: 


Equating its value, and solving for 


Equation (5) will recognized standard slope-deflection equation. 
will not used subsequent solutions, but introduced illustrate 
the utility the traverse method deriving it. The line, (Fig. 2(b)), 
not tangent the elastic curve, but crosses angle, due the addi- 
tion Triangle ABE the moment diagram. the true, shaded, moment 
triangles were used for locating and evaluating the A’s, the line, As, 
would tangent the elastic curve its point contraflexure, but the 
distances from the ends the beam the A’s would inconvenient and 
would make the solution complicated. 


order illustrate the solution the moments continuous frame 
the elastic curve traverse without encumbering the problem with avoidable 
complications, reference made Fig. This diagram shows symmetrical 
frame with fixed base columns carrying concentrated load the center. 
The columns and the beams have equal lengths and cross-sections. 

The true moment triangles the beam are shown the shaded areas. 
order simplify the traverse, the unshaded trapezoidal area between the 
closing line and the top the diagram added the shaded center 


Cause 
and 
The 
Angle 
7 Me M, Ms 
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-triangle, thereby forming “simple-beam” the middle 


ordinate which The combined area the shaded end 


triangles also increased the area this same trapezoid. The resultant 
curvature the beam will then the same the true shaded moments 
only were used, and the diagram may treated composed three 


comprising the end the base which runs 


the full length the beam, and the simple-beam triangle the height 


and area which are and 
discussed treatises “slope deflection”, which reference may made, 
The deflection curves may now traversed. Each angle the traverse 


respectively. This device used and 


equal the area its corresponding Beginning the 


bottom the left column the traverse follows (the signs for the angles 
needing discussion they are the same would used for azimuth 
land survey): 


— Ar + + 90° + — + A, + 90° + As — A, = 180°. .(6) 


which, and are all equal since their values and the 


lengths members are equal. There being side-sway the triangles along 
the upper two-thirds the columns are isosceles; consequently, 


Substituting 


for the corner moments are The moments the 


shown Equation (6) the signs the corner moments are opposite 
the signs the center moment and column base moments. 

The joint rotations not enter into the solution, but the equations are 
formed from the curvature units the members. This distinguishes the 
traverse method from the slope-deflection method which standard equa- 
tions involving joint rotations are applied. 


Bulletin 108, Eng. Experiment Station, Univ. Illinois, Urbana, Concrete 
Engineers Handbook, Hool and Johnson; etc. 
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Fig. illustrates the application the traverse method unsym- 
metrical frame having fixed base columns and subjected 
force, The material the frame assumed uniform and may 
eliminated from the equations. 


1 a 


I,l 
angles and courses the deflected frame constitute traverse for which 


The vertical deflection the right end the beam with reference the 
left end zero; or, 


A; As 2 As + la, 


Similarly, 


Since the lateral deflections the column tops are equal, 


from which, 


2 Ai As 


Since the sum all column moments Ph, 
from which, 


Substituting for and for Equations (8) (12), solving for 


1 2 
and then substituting for its value, 


M, = x 


runs 
the 
4 
(7) 
the 
site 
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rt 2 1 
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2 
(14) reduces much simpler form. 
practical problems this type the work greatly simplified, the 


2 


the initial equations. 
The use the traverse method for the variable moment inertia and 
settled support illustrated Fig. which represents beam fixed 


El 


one end and with support which has settled in. the other. The moment 
inertia and the modulus elasticity may both variable. From 
Maxwell’s theorem, the final distortion the beam from the combined action 


the external forces may treated the sum the distortions, due 
each force acting separately. 


With the force, acting alone, the deflection the right end the 
beam would (Fig. 5(c)), which, the area the diagram 
for the beam considered cantilever supporting the load, and the 
from the right end the center gravity this area. 


Assume trial reaction, compute the appurtenant diagram due 


the cantilever uplift the trial reaction acting alone, and locate its center 
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gravity, distant from the right end, shown below the horizontal line 
Fig. 5(b). The Trial and its uplift the end the beam 
Trial can now added the traverse shown Fig. 5(c). 
The true value necessary raise the right end the beam its 
With the value determined, the moments may computed statics. 


settled position now given the proportion, 


Fig. represents series continuous equal spans with moment 
the right end. The traverse method furnishes quick and easy solution for 
all the moments and all the slopes the elastic curve over the supports 


lati 


Relative } 1 
Moments 

Ratio of Moment 


Preceding Moment 3.50 3.714 3.732 


Fic. 6. 


the following construction: Beginning the left end Fig. 6(c) draw 
traverse triangle for the flexure the elastic curve the left span. 
low altitude for this triangle should used, but particular scale for 
the angles necessary. Produce the long leg the diagram Point 
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over the second support and produce the short leg the point marked 
the one-third span length the second span. Draw Line 2-1-4-8. Through 
Point draw Line 4-4 passing through the third support. Draw Line 
8-4-15, The result series “pennant” diagrams. angle 
marked measure the moment the support its right. The 
position above below the horizontal through the supports shows 
whether the moment positive negative. All angles Fig. 6(c) can 
evaluated quickly simple summation and determining the products 
angles and horizontal distances. For example, find As, 


Therefore, 
Each line through support tangent the elastic curve. Its angle 


with the horizontal the measure the slope the elastic curve the 
support and obtained summation. For example, the relative slope over 


the third support is, Fig. 6(c) the value each 


angle shown the angle point. Signs are omitted unnecessary be- 
cause the picture the flexure discloses the direction moments. Below 
Fig. 6(c) are shown the relative magnitude the moments the supports, 
the relative magnitude the end slopes, and the ratio each moment the 
preceding moment. Fig. 6(d) shows the traverse for the same system with 
the left end fixed. Note that the numerical series for moments Fig. 6(c) 
the same that for end slopes Fig. 6(d), and vice versa. The 
moment any support now known terms the moment the right 
end. For example, Fig. 6(c), the right end moment 3000, the 


moment the second support will 3000. 


the number spans infinite the ratio each moment the preced- 
ing moment will The difference between this ratio and the ratios 
the fourth support Fig. negligible practical design. 

The application the traverse method unequal span lengths and loaded 
spans can demonstrated problem solved previously* Nishkian 
and Steinman, Members, Am. Soc. For the present purpose, 
Fig. need not be, and not, drawn scale. sketching 
recommended practical work. known that negative moments will 
occur over the supports. Sketch the four moment triangles, As, 
and A,, illustrating the existence such moments. Draw simple moment 
diagrams for the loading each span using either the upper lines the 
negative moment triangles for bases, shown, or, desired, using 
the horizontal line through the supports base. will make difference 
the computations which used. 

Draw verticals through the centers gravity the negative moment 
triangles (at the third points the beam) and through the centers gravity 

Transactions, Am. Soc. Vol. 10, Fig. 11. 
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the simple moment diagrams, which, this case, are the centers 
the beam. Draw the (transposition shown. 

construct the traverse, Fig. 7(c), draw Line making small 
angle with the unsprung beam. Draw Line which will pass over the 
second support and extend the intersection with the T-line 


w 1, = 50000 Ib 


| 


an 
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TRAVERSE 


Draw Line passing through the support and extended the vertical 
through the one-third length the second span. Draw the line from 
through the vertical through the center the span 
Draw Line pass over the third support, intersecting the T-line 
this line sequence the right end the beam. 
Fig. 7(c) can now solved for the values the A-angles giving the 
A-angles values that equal the respective areas the simple moment 


diagrams and observing that and Solving for these 


A-angles and reducing them their corresponding moments, the moment 
over the second support found 166 ft-lb and the moment over the 
third support, ft-lb. The are the centers gravity 
the combined abutting negative moment triangles and this what accounts 
for their mechanical significance. 

The traverse method can used for spans variable moment inertia 
the use trial end moments locate the A-points and obtain the 


-areas for equal end moments. Tables introduced* Walter 


Ruppel, Assoc. Am. Soc. E., will facilitate this work for the cases 


Transactions, Am. Soc. B., Vol. (1927), 
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which the tables apply. Tables that give areas for simple moments 


are unknown the writer. Settlement supports and side-sway can 
incorporated the geometry traverse. 

For the design member building many stories and many bays, 
traverses the form Fig. can distributed vertically and horizontally 
the columns and girders the ends the member. the columns are 
flexible compared with the girders they may assumed fixed 
floors above and below the joint question, while the girders may as- 
sumed have ratio moment the joint question moment the 
joint one panel length distant, based the factors indicated Fig. 
modified allowance for the joint stiffening effect the columns. 
will found that member can designed quite satisfactorily using 
moderately accurate judgment these moment ratios. precision 
desired and time available the traverses may extended two panel lengths, 
more, from the member under consideration. 

For the derivation the basic formula for moments single-span beams, 
fixed one both ends, the traverse method offers alternate solutions 
which require small fraction the effort involved the method suc- 
cessive integrations found textbooks mechanics. 


The analysis continuous structures traversing their elastic curves 
offers solutions that are easily understood and for which diagrams that clearly 
illustrate the problems can easily drawn. The key constants for the analysis 


are simple -and cantilever diagrams the construction which 


taught the first lessons beam stresses. 

The method relieves the analyst from remembering holding for reference 
the various forms the three-moment equations the slope-deflection 
equations. requires more analytical effort labor computation than 
these other previously used methods. 
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DISCUSSION 


timely for other reason than that emphasizes again what the funda- 
mental theory indeterminate structures—the fact continuity. 

important consider the limitations the method presented. The 
theory continuity based upon certain accepted assumptions: (1) 
assumed that the neutral axes all members joint meet point; (2) 
distortions due shear and direct thrust are negligible; (3) the relative rota- 
tion the two ends member, for short lengths the axis, proportional 


for the respective sections; and (4) the intensity and duration the 


loading not affect the elastic properties the materials, thus permitting 
the assumption that for short lengths beams the differential rotation the 
two ends directly proportional the bending moment the length 
considered. 

These assumptions cause this method analysis applicable the 
strictest sense only those materials which follow Hooke’s law, and for steel 
only within the elastic limit. structures reinforced concrete timber, 
Assumption (4) not applicable since the ratio stress intensity deforma- 
tion varies with both the intensity and the duration stress. Assumption (3) 
does not apply reinforced concrete. 

However, probable that the assumption constant value 
reinforced concrete beams will result errors not exceeding per cent. Such 
error will not seriously affect the analysis reinforced concrete beam, 
although such limitations should recognized. 

For the determination slopes and deflections, the writer finds more 
convenient utilize the method stress areas. this method, which obvi- 
ates the assumption the beam formula, the load the area under the curve 


The angular change the tangents any two points the elastic curve 


equal the area between the two corresponding sections the 
The deflection any point equal moment about that point, consider- 


ing the beam loaded with the diagram. 


The method stress areas convenient when the fiber stress known, 
and the slope and deflection are desired; when the slope deflection 
known and the fiber stress desired. 

Fig. represents simply supported beam constant cross-section, with 
concentrated load the center. The resulting curve fiber stress will 


shown. The slope the supports the same the end 


Prof. Math., Oklahoma Agri. and Mech. Coll., Stillwater, Okla. 
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shear with load. The deflection the center equal the moment 


12/ \Ec 


valuable feature the method described this paper that provides 
complete picture the action any loaded structure, matter how com- 
plicated. However, some the problems can solved more speedily 
other methods. For example, the writer solved the problem shown Fig. 
within min, and the one shown Fig. within min, the conjugate 
point 

check the method Hardy Cross, Am. Soc. 
was made both problems shown Fig. and also the one shown 
Fig. and the results given the author were found exact. The 
writer agreement with the “Conclusions.” 

This paper noteworthy contribution the knowledge rigid frame 
design. 


Jun. Am. Soc. (by geometrical solu- 
tion for the analysis continuous frames presented this paper, which 
termed the “traverse method.” the “Synopsis”, the author states that 
“memorized copied slope-deflection equations are not used, and series 
rules for the signs moments, rotations, and deflections are unneces- 
sary.” Notwithstanding that the three basic principles stated the author 
would have remembered any one unfamiliar with the moment-area 
method, the first principle, being one the method, sufficient 
derive the fundamental slope-deflection equations any time. 
more, the moment-area method furnishes the end moments fully restrained 
beams subject any type loading, should one not have these values 
immediately available for use conjunction with the slope-deflection 
equations. 

When the slope-deflection method first came the attention the writer 
(whose mind, that time, had been rigidly imbued with the “work methods” 


Newark, 

Transactions, Am. Soc. Vol. (June, 1927), 

Bridge Design Engr., State Highway Comm., Baton Rouge, La. 
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expounded Europeans), experienced some confusion first, due the 
signs moments, rotations, and deflections. The solution few simple 
examples frames ended the confusion and, this day, the writer considers 
the slope-deflection method the most forceful, next the “work methods”, 
for the rigorous analysis rigid frames. 

The author further states, following Equation (7): 


“As shown Equation (6) the signs the corner moments are opposite 
the signs the center moment and base moments. 

“The joint rotations not enter into the solution, but the equations are 
formed from the curvature units the members.” 


Equation (6) furnishes criterion for the signs the moments, be- 
cause the signs the A’s depend upon the relative position the bending 
moment diagrams, position which can chosen arbitrarily and erroneously. 
visualize the elastic line the deflected simple frame and write the A’s 
with their proper signs the equation-types, Equations (6) and (8), may 
easy task for the experienced engineer; however, complex frame may 
present untrue picture him and leave him with feeling false 
assurance the correctness the results. 

this respect, the traverse method has not direct approach 
problem the slope-deflection method, the equations which will furnish 
the correct signs and values moments, rotations, and deflections, the signs 
being accord with those adopted for deriving the equations. 

The first and second principles the traverse method will helpful 
finding the deflection one end member, series members, relative 
the other end, after the frame has been solved the moment-distribution 
method. 

Fig. shows the application the author’s method beam variable 
moment inertia, and with settled support. the writer’s opinion, 
problems this kind are more directly solved the moment-area method. 
Assuming that the correct arrangement bending moment diagrams for 
loaded continuous beam uniform moment inertia the 
traverse method lends itself simple and rapid solution such problem. 

Fig. 6(c), the closing line the “pennant” diagrams (Lines 2-1-4-8, 
8-4-15-30, the unloaded spans intersects the base line point 
zero moment, through which (after the moments over the supports the 
loaded span have been computed the traverse method and platted any 
convenient scale), the closing line the bending moment diagrams for the 
unloaded spans may drawn directly, and the moment any point read 
that scale. 

From Fig. 6(c), noted with interest that the series for the relative 
moments and end slopes may also found, beginning from the left end 
the continuous beam, with the relations: 


and, 
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which, relative moments the support under consideration; 
relative end slopes that support; and relative moments 
and end slopes, respectively, the support preceding the one under con- 
sideration; and, the first support, and For the case 
shown Fig. 6(d), reads and reads Equations (15) and 


analyzing continuous structures described this paper, appears hold 
advantage over the slope-deflection method. applying the two methods 
multiple-story frames, one finds that whereas the slope-deflection method 
yields simultaneous equation for each joint, the traverse method yields 
simultaneous equation for each joint and member. The result that al- 
ready large number equations doubled. the simple problems 
solved the author, the writer finds the slope-deflection method the easier. 

Most designers are the habit assuming that the available foundation 
either offers restraint that offers full restraint (fixed). 
usually known that neither these extremes the case, the designer might 
wish make some intermediate assumption. This can done comparing 
the geometry the traverse for hinged and fixed conditions End 
any member, AB. the percentage fixation End 


ard, 


The author has solved the problem illustrated Fig. assuming the 
column terminals fixed. Suppose the column terminals are 50% fixed 
and that desired determine the corner moment. Applying Equa- 
equal A;. Equating ordinates the right end Beam 34: 


for Ag, 


and, hence, 


Structural Designer, State Highway Dept., Santa Mex. 
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This idea fixation restraint the basis the method introduced 
Am. Soc. E., which the writer prefers that pro- 
posed this paper. most the papers this subject complete tables 
are given permitting application members variable moment inertia 
with relative ease. The author presents such tables and, thereby, his 
method suffers another handicap. 


analyzing continuous structures which are fundamental understanding 
this important subject may divided into two classes: (1) The Maxwell- 
Mohr Method Work; and, (2) Special Methods, such Moment-Area 
Method; (b) Slope-Deflection Method; and (c) Moment-Distribution Method 
(Cross Method). 

The Maxwell-Mohr method work based upon the principle the 
conservation energy. the most general method available and may 
used all cases. 

The special methods the foregoing classification apply only the 
analysis straight structural members which bending the cause 
the primary deformations, those due shear and direct stress being neglected. 
They may developed from the method work, they may derived 
independently. The special methods have extensive application practice be- 
cause they are convenient use. However, one should remember that, 
many cases, deformations due shear and direct stress cannot neglected 
safely and, therefore, the results obtained special methods will not 
significant. 

The author has presented method analyzing the moments the 
bers continuous frames which based directly upon the principles the 
moment-area method. special interest because pictures the ap- 
proximate deformations the structure being studied. 

general, every structural engineer has his own favorite schemes 
analysis. The method proposed will undoubtedly value the designer 
who uses the moment-area method preference all other methods, where- 
ever applicable. 

The moment-distribution method the most workable the special 
methods because the solution simultaneous equations not required. 
Furthermore, the unknown moments are determined directly without first 
solving for rotation angles required the slope-deflection method, for 
delta angles required the method. 

many cases, combination the special methods desirable. For ex- 
ample, the fixed-end moments used moment distribution may determined 
conveniently the application the principles area the 
same time, thorough knowledge slope deflection great value 
understanding the steps moment distribution. 

order compare the proposed method with the moment-distribution 
method, the writer solved the problem shown Fig. each method. Re- 


Frameworks”, Hickerson, Univ. North Carolina Press, 1934. 
Prof. Civ. Eng., Univ. Southern California, Los Angeles, Calif. 
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ferring Fig. 7(c), the following equations from the author’s method may 
written since the vertical deflection the beam any support with 
reference adjacent support zero: 


and, 


and 


Eliminating from Equation (20) and from Equation (21); sub- 
stituting for and their respective values; and solving the resulting 


97000 ft-lb, and 92700 ft-lb. 


noted that the unknowns determined solution the 
simultaneous equations are not the desired moments. problem involv- 
ing large number unknowns, the work necessary solve the simultaneous 
equations would prohibitive. the other hand, the complete solution 
identical problem the moment-distribution method relatively 
simple process,” which the necessary work approximately proportional 
the number unknowns. 

There one simple method that can applied analyzing all con- 
tinuous structures. Furthermore, analysis ever absolutely exact. 
Certain assumptions, based upon the elastic theory structures, must 
made before problem can solved any the available methods. 
The validity these assumptions must considered carefully interpret- 
ing the results the analysis. This requires sound engineering judgment 
all times. The problem, therefore, definitely one for the trained engi- 
neer with comprehensive understanding the behavior structures 
under stress. 


method stress analysis introduced this paper. The illustrations used 
the author include portal frames the members which meet right 
angles. 

Special methods, such “slope deflection” and “end moment distribution,” 
are also available for the analysis such frames. The slope-deflection method, 
while quite general use fer rectangular frames, is'not accepted suitable 
for the analysis frames having sloping tops. The end moment distribution 
method also particularly adapted rectangular frames. does not 


Transactions, Am. Soc. E., Vol. (1932), 
Engr., Co., Pacific Lines and Subsidiary Lines, San Francisco, Calif. 
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permit the derivation general formula terms symbols, which 
can compiled into handbook, and becomes less convenient when applied 
frames the joints which are deflected from their original position, 
due the action the loads. 

will interesting know whether the traverse method applicable 
frames with sloping tops. 


Kercuum,” Am. Soc. (by various methods 
analyzing continuous structures have involved the work distortion, the 
geometry distortion, and Mr. Stewart’s paper distinct contribution 
the geometrical method attack. 

The paper seems have possibilities expansion wide range 
problems and would valuable check graphical methods drawing 
elastic curves and studying complicated loading conditions that have many 
unknowns, for which “cut-and-try” methods are used. The writer would 
interested know whether the author has applied this method frames 
with sloping tops. 


(by methods for the analysis statically 
indeterminate structures can grouped into two main categories: Those 
which forces are used the redundants and those which moments are 
utilized for the same purpose. They are termed the “force” and “deforma- 
tion” methods, respectively. 

The author’s analysis pre-eminently deformation method with the 
moments the corners and supports the redundants. replac- 
ing the deformed structure the traverse (that is, set straight lines), 
its flexure can more readily visualized. The intersections these lines 
determine the angles corresponding the bending moment areas simple 
beams and cantilevers divided the stiffness factor, This interpretation 
the elastic curve has the additional advantage that many the afore- 
mentioned angles can determined inspection. The seemingly great 
number unknown angles thus reduced considerably, and the solution 
complicated problems rendered more simple. The merit the present 
analysis based this fact. further development the traverse 
method, Mohr’s theorem pertaining rotations and deflections loaded 
beams utilized. 

The traverse method theoretically interesting and practically valuable. 
hoped, therefore, that the method will used engineers engaged 
the design statically indeterminate structures. 


method which moments continuous structure can found with 


the aid traverse, the deflection angles which correspond 


times the moment areas the moments involved. 


School Mines and Eng., Univ. Utah, Salt Lake City, Utah. 
Dipl.-Engr., Los Angeles, Calif. 
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The first consideration analyzing structure the balance between the 
unknown factors and the available equations. structure consists 
members with interior joints and supports, the total number unknowns 
is: The number available equations is: 


geometry the type, 


2.—m-equations geometry the type, 


3.— j-conditions rigidity the joints, the type, 


(in which, the number members meeting the joint). 
4.—j-conditions equilibrium the joints, the type, 


5.—s-conditions the supports, the type, 


Os De ee « (26) 
or, 


6.—A certain number conditions rotation the joints, the type, 


certain number conditions deflection the joints, the type, 


8.—A certain number conditions resulting from the symmetry load 
and the structure. 

Conditions reduce the original number the unknowns, but since 
there are more conditions ordinarily than equations, the deficient number 
equations should supplied from the conditions the equilibrium the 
external and the internal 

simple illustration the application Mr. Stewart’s method and 
Conditions the following example proposed: Find the moments 
the frame shown Fig. which symmetrical about its center line and 
symmetrically loaded concentrated load the apex. will seen that 
which reduced, due symmetry the frame and loading, 10. The 
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about Center Ling 


available formulas are: Two the type Equation (22), 


and, 


two the type Equation (23), 


and, 

one the type Equation (24), 
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one the type Equation (26), 


2 sin « 


One more equation should added Equations (30) (38) and this 
results from the condition equilibrium the joint, follows: 


and 


Equations (39) and (40) the normal stress Member the 
shear the left support, and the shear the right support, with 


the subscript corresponding the number the member. After has been 
eliminated the tenth equation obtained: 


order able use Equation (41), the shears, should ex- 


and, 


Reaction shears and reaction moments are used, with clockwise action 
positive. After substituting the expressions for the last the neces- 
sary equations obtained, follows: 


one the type Equation (28), 
and, one the type Equation (29), 


his 
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Solving the remaining five equations (Equations (30) (33)) and Equa- 
tion (44), the following expression obtained for d,: 


Furthermore: 


and, 


Substituting numerical values Equations (45) (49): 954.199; 


The corresponding reaction moments will be: 


248.092 1488 ft-lb 


The foregoing example demonstrates that Mr. Stewart’s method has un- 
questionable advantages when the supports are prevented from being displaced 
laterally when these displacements are symmetrical. the other hand, 
when these conditions are not fulfilled, the method becomes complicated 
the slope-deflection method, not more so. 

The writer also wishes note the importance revealing physical mani- 
festation any evolved theory, order simplify its understanding. The 
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author did this clear and concise manner another when 
demonstrated the similarity between the elastic line and railway transition 
spiral; and also when mentioned that the concept the method the 
product slope and distance, rather than the moment quantity times 
its lever arm. These explanations appeared the writer being very 
ful his attempt grasp the method. 


behind this method certainly novel and ingenious. However, the writer 
does not consider that furnishes quick and easy solution” for continuous 
structures, claimed the author. 

illustrating the application the method, Mr. Stewart has inten- 
tionally selected several unusually simple cases most which are rarely, 
ever, met actual practice. Undoubtedly, this was done merely 
demonstrate the simplicity the procedure, but creates the erroneous 
impression that the same simple procedure can applied also any con- 
tinuous structure general. For instance, the simple solution the two- 
legged bent Fig. does not apply when the beam and columns not have 
the same length, when the loading not symmetrical. may also 
noted that the solution for the two-legged bent Fig. somewhat lengthy, 
and does not seem simple and direct that the slope-deflection method. 
Even for the extremely simple case the continuous beam (see Fig. 6), the 
author’s claim that the solution for all moments quick and easy, does not 
seem justified. For simple case, such this one, the solution the 
graphical method fixed points, conjugate points, will found the 
quickest and easiest all. 

The method illustrated Fig. evidently applies only for the particular 
ease yielding supports and its application continuous structures will 
found very difficult not impossible. Although Mr. Stewart states that “settle- 
verse”, has not explained how this done. This problem could 
solved readily Equation (8) and Fig. from which seen that the 
traverse must also pass through the supports after they have settled. For 
illustration, the writer has solved the problem Fig. assuming that Sup- 
ports and have settled amount 0.2 in. and 0.1 in, 
respectively, relative the elevation Supports and 18-in 
steel I-beam assumed, with moment inertia, 768.6 and 
modulus elasticity, per in. The traverse shown 
Fig. (c) for which the equation is, 


6, — Ar + Ar + Ae — As + As + Ag — Ag + = 0.......(50) 


Method Finding Beam Ralph Stewart, Am. 
Soc, E., Civil Engineering, February, 1934. 


Structural Eng., Dept. Civ. Eng., National Tsing Hua Univ., Peiping. 
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LOADING 


A . 


MOMENT DIAGRAM 


TRAVERSE 


For 
REFERRING EQUATION (56) 
Fie. 10. 
From the geometry the moment diagram and the traverse, the following 
relations can found: 
own 
4,=> — A, 
Am. 


con- 
two- 
ular 
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and, 
Substituting Equations (51) (54) and the various numerical 
(noting that areas the diagrams due loading are: 0.005, 
0.015, and 0.00608) Equation (50), 


Another equation may obtained from the geometry the traverse the 
center span (Fig. (d)) follows: 


after proper substitution: 


Solving Equations (55) and (57) simultaneously, 0.00331; 000 

The writer has also solved the same problem the equation three 
moments and the slope-deflection method, both which are found much more 
simple than the method proposed this paper. This seems quite natural 
since, applying the method, the equations must formed from the 
geometry the traverse instead writing the slope-deflection 
moment equations directly, which the author objects. The writer would 
appreciate suggestion for simplifying the solution the foregoing problem. 

the “Conclusions” the paper, Mr. Stewart states that the key con- 


stants the analysis are simple -diagrams and cantilever 


diagrams. evident that has neglected entirely the centers gravity 
the diagrams, which are absolutely necessary, emphasized the author 
himself (see Principle (2)). This oversight natural since the loading 
all his illustrations symmetrical for every span and, consequently, all the 
centers gravity the simple moment diagrams are known the 
center every span. 

discussing the application the method the case variable moment 
inertia, Mr. Stewart mentions the tables presented Walter Ruppel,’ 


Assoc. Am. Soc. E., and states that lists -areas for simple 


moments are unknown him. The simple moment areas for various load- 
ing, well their centers gravity, are given Mr. Ruppel’s tables. 


. 
| | 


54) 
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where,” the writer has derived the relations between the various dia- 


grams and the coefficients Ruppel’s tables, follows (see Fig. 11): 


I’ 


and, 


the left end simple beam; area diagram due moment 


unity applied the right end simple beam; area diagram due 


the left support, simple beam; abscissa the center gravity 
from the right support, simple beam; abscissa the 
center gravity from the left support, simple beam; 
length; and beam coefficients Ruppel’s tables, which depend 
the shape the beam only; and and load coefficients Ruppel’s 
tables, which depend both the shape the beam and the type loading. 

Equations (58) (63), the modulus elasticity, has been omitted 
since always assumed constant for the entire structure. may 
noted that, for beam with moment inertia varying any manner, the 
following relations are always valid: 


and, 


Three Moments General Form.” The National Tsin 
Hua Univ., Peiping, China, Series Vol. II, pp. April, 1933. 
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which follow directly from Maxwell’s theorem reciprocal deflections (angu- 

lar). Therefore, analyze, any method, continuous structure with 

moment inertia varying any 

manner, five independent constants 

coefficients must known (three 

beam coefficients and two load coeffi- 

ture considered simply supported 

beam; and these five coefficients 

may expressed various ways 

suit any particular method analy- 

sis. With the aid Equations (58) 

Center Gravity (63), Ruppel’s tables can utilized 

applying the method the case 

variable moment inertia. 

Mr. Stewart also states that, 


“From Maxwell’s theorem, the final 
distortion the beam from the 
bined action the external forces 


: (b) Moment Diagram Due to Loading 


(Area 


‘M-Diagram 


the general principle superposition, 
which has not yet been attributed 
Maxwell. The writer has also 
searched the two volumes “Max- 
End Moment Unity find anything like the 
Fie. 11. theorem explicitly stated therein. 


tortions, due each force acting 
End Moment of Unity at L , 
far the writer knows, the 


Center of Gravity of Ap 


brought criticisms and relating specific items not 
torily covered the paper. has also raised the broader question 
whether the traverse method special method limited scope, whether 
general method which may used for the analysis structures for 
which slope deflection and end-moment distribution are not suitable. 
answer the latter query will necessary first show its application 
some cases single-span beams. 

Figs. 12(a), 12(b), and 12(c) show the simple moment areas and the posi- 
tions their centers gravity for all conditions normal loading; 
Figs. 12(d), 12(e), 12(f), 12(g), and 12(h) show traverse diagrams for beams 
constant cross-section having various conditions end restraint. The 
double hatching indicates fixed end; the single hatching restrained (but 


Pub. Librairie Scientifique Hermann, Paris, arrangement with the 
bridge Univ. Press. 1890. 


Engr. Structural Design, City Los Angeles, Los Angeles, Calif. 
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not fixed) end; and, absence hatching, hinged end. the following 


triangular (not shown), with base extending the full length 


the beam and altitude which the end moment due restraint, divided 
and the beam has constant cross-section and the same 
material throughout, and movements supports are not involved, both 


and may omitted, and the moment areas used instead the 


For these beams constant sec- 
tion all A-angles the traverse 
are the one-third length points 
the appurtenant end moment. 
For cases which traverse 
forms single triangle, 
often more convenient use the 
angle relationships the triangle 
for obtaining values the un- 
equation. Fig. 12(d), the isos- 
celes triangle formed the 
traverse gives and from 


this, for uniform load- 


ing, (the end moment) 


Fig. 12(f), a(2 Agl; 


Fig. 12(b), then and 


Fig. 12(g) (assuming counter- 
clockwise rotations nega- 
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tive, slope deflection), for symmetrical loading from left right: 


and right left, 


the loading unsymmetrical, use instead Equation (66) 
and A(1 Equation (67). Solving these equations for and and 
substituting the the A-angles, standard slope deflection equations 


are obtained. When the beam and loading are symmetrical, and 


may often used advantage solutions. formulas such Equa- 
tions (66) and (67) only the coefficients are used written each 
term, will eliminated. 
Fig. 12(h) dominating moment adjoining span has reversed 
the direction the end slope, This will discussed subsequently. 
Fig. illustrates the traverse beam variable section and com- 
plete dissymmetry having fixed ends. All dimensions and properties this 


beam have been presented™ George Large, Assoc. Am. Soc. 
including the computations for the and locations and magnitudes. 


9.12 5.65 12.27 


Analysis Continuous Frames Distributing Fixed-End Moments,” 
Hardy Cross, Am. Transactions, Am, Soc. B., Vol. (1932), 102; 
also, Bulletin No. 66, Ohio State Univ. 
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61.83. This solution gives the fixed-end moments simpler procedure, 
involving less computation, than the previously published 
lems the fixed-end moments restrained beams cannot solved slope 
deflection end moment distribution. Their solution herein demon- 
strated shows that the traverse method applicable fundamentals. 
Frequently, continuous beam, the direction rotation support 
cannot forecast inspection, and the question arises how apply 
the traverse. This condition illustrated Fig. 14, which the slopes 
over the intermediate supports are purposely drawn the wrong direc- 
tion. The procedure for drawing the traverse lines described connection 
with Fig. Before the sketch completed, announces the error assump- 
tion the disproportionate sizes the A-angles. Disregarding this, now 
obvious, error the diagram, write the traverse equation from left right 
and from right left for the full length the beam; combine the numeri- 
cal terms and the coefficients the respective A-angles; and obtain: 
2160; and, —12A, 26A, —1620. (The signs 
these equations follow the rules for slope deflection.) Solving, 6.85 


and 17.61. Continuing the solution found that and 


Fie. 14. 


The solution was not affected the error the dia- 


gram. Attention invited the fact that mechanical solution this 
problem could obtained drawing the A-angles suitable scale 
separate slips tracing paper and manipulating them with their legs inter- 
secting the until proper closure obtained. The result would 
rather rough, but probably more accurate than that obtained using the 
arbitrary coefficients various building ordinances. 

The fact that computed traverse can checked quickly plotting, 
and that errors assumed direction joint rotations are disclosed while 
the traverse being drawn, advantage small importance, which 
not available with other methods. 

The discussion Mr. Nelidov shows comprehensive understanding the 


traverse method and also shows that can applied frames with sloping 


Transactions, Am. Soc. E., Vol. (1932), 105, (86) and (87). 
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roof members. order the method justice, however, will 
sary show shorter and simpler solution the problem that pre 
sented. Fig. shows (in its deflected position) the same frame and loading 
Fig. the right half indicating the elastic curvature and the left half, 
the traverse diagram. The value results from the relative stiffness 
factors the column and the The value obtained summa- 
tion angles from upward. 


Beginning the following traverse equation for the horizontal move- 
ments may now written: 


For the left half the frame two moment-shear equilibrium equations— 
one for the column and one for the rafter—may written follows: 


and, 


which equals the horizontal thrust caused the load. After trans- 
forming M-values A-values, Equations (68), (69), and (70) are easily 
solved, giving 220.1, and moments which agree with those found 
Mr. Nelidov. (Moment-shear equilibrium formulas the type Equations 
(69) and (70) are used the analysis wind stresses buildings. The 
principle that the shear column equal the sum its top and 
bottom moments divided its height.) 

trigonometric functions are necessary this solution, the number 
and size equations are less impressive, and the labor reduced. 
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Several discussers thought that the original paper was confined too much 
symmetrical structures and loading. The following illustrations will show 
that the traverse method readily solves unsymmetrical cases. Fig. 
because its solution may checked conveniently other methods 
handbooks. will serve illustrate the method approach the 
general case which succeeds it. 

the columns Fig. 16(a) were rollers the beam would deflect 
were simply supported. The joint rotations would equal the end 
slopes the simple beam, and the spread, the bottoms 
the columns would equal the sum the end slopes times the height 


the frame, which equal the area the for the beam 


(considered simply supported) times the height the frame. For equilib- 
rium, since the column bases not spread, force, must exerted with 
magnitude sufficient produce inward deflections the columns equal 
the spread, indicated Fig. 16(b). Thus, Fig. 
and, Fig. 
Equating d,; letting the ratio the the beam the 
stiffness the column and solving for 
1 


3Pab 


which handbook formula.” With known, the moments are statically 
determinate. This solution takes into account the effect side-sway. 


Moment Diagram Shown 
Above Frame for Ciarity 


Fig. shows unsymmetrical loading for hinged-base, gable roof frame 
variable moment inertia. Following the method approach indicated 


von Kleinlogel, Wilhelm Ernst Son, 
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for Fig. 16, the equations which this frame may solved are, follows: 
Fig. 17(a), 


For trial Fig. 17(b), compute, 


and, 


With computed, the problem becomes statically determinate. 
tion also includes the effect side-sway. 

These applications the traverse method show that not restricted 
its scope are slope deflection and end-moment distribution. The latter 
methods require the assistance some other type analysis obtain the 
fixed-end moments needed. They are also unsuitable for frames with sloping 
roof members. The traverse method applicable the entire field flexure, 
which moments only and straight members only are involved. 
where axial shortening members involved the traverse can passed 
through the altered positions the joints shown Fig. 10, and solved. 
The method, therefore, appears entitled the adjective, “general,” 
rather than “special.” 

Mr. Paulet feels that the bending-moment diagram should available 
guide, that the traverse can sketched. Proper observance laws 
governing the angles will make easy easier, draw the traverse 
independently. 

Note that all diagrams each obtuse angle which the supplement 
each A-angle presents its opening toward the load, and there restraint 
resist free rotation adjoining joint, there will A-angle oppo- 
site direction between the A-angle and the joint. Using this rule the writer 
finds easier draw the traverse first, the moment diagram being either 
omitted drawn by-product the traverse. was noted with pleasure 
that Mr. Nelidov omitted the moment diagram from his Fig. 

Mr. Paulet gives Equations (15) and (16) express the series for rela- 
tive moments and slopes, respectively, Fig. (c), with the letters exchanged 
for the series Fig. 6(d). The fact that single simple 
the law progression for all four series, more interest. 

With reference Mr. Paulet’s feeling that for single spans the moment- 
area method preferable the traverse method, suggested that Fig. 13, 
and the supporting text, examined. The traverse method simply 
amplification the moment-area method expressing moment-area relation- 
ships geometrical traverse, which clarifies the computations, discloses 
“short cuts” which would not evident except for the traverse diagram, 
provides graphical check, and also easily understood method treating 
settled supports. 


This solu- 
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The statement several discussers that the traverse method compares 
unfavorably speed with other methods merits brief investigation. The 
for Fig. was presented complete detail illustrate the prin- 
ciple the traverse. computer familiar with the method would not write 
Equation (6), but would analyze the traverse follows: Fig where 
two lines intersects form A-angle, note that the intersection dis- 
plays both acute angle (the A-angle the A-angle) and obtuse 
angle which the supplement the A-angle the A-angle. Designate angles 
with obtuse openings that face the interior the frame negative and 
the angles with obtuse openings that face outward, positive. The sum 
the negative angles must equal the sum the positive angles. Noting 
that each column traverse forms isosceles triangle, the computer can add 
the angles mentally and write, 3A, The subsequent steps can also 


performed mental arithmetic. 


4 


Lengths of Members 


18. Fie. 19. 

good illustration the speed the traverse method given Fig. 
which the demonstration problem used Lin, Jun. Am. E., 
his paper Direct Method Moment Distribution.”™ Let equal the 
curvature the bottom member due one its end moments. Then 
will also equal the rotation each bottom corner. From the stiffness ratios 


Proceedings, Am. E., December, 1934, 1460. 
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the curvature due the moment the bottom the column will 
shown. The fixed-end moment 1000 the end the top member 
167, shown. The solution now given the following equa- 
tions: Traversing from the bottom the top the 
and, therefore, 7A. ‘The upper joint rotation, adding 
angles from the bottom the top the column, equal the 


ture due the end moment the beam, stiffness ratios, will 


and the closure the triangle under the end the upper beam gives, 


167, from which 26.32, and the bottom and top. moments 


column are, respectively, 105.2 and 368.2. direct solution which 
appears the writer more expeditious than the previous solution cited 
and will compare well with solutions slope deflection progressive 
end-moment distribution. 

Fig. illustrates two-story frame with members all which have 
equal stiffness factors and joint rotations with unknown directions. Assume 
the direction joint rotations shown, and write, inspection, all the 
angle values shown the diagram, the A-value the lower third point 
the upper column being obtained balancing moments about the adjoining 
joint. 

Upward and downward traverses the upper column now give: 


and, 
Solving, 
4, => Pe + 
224 224 


fore, 3Q, the rotation positive, shown, and the rota- 
tion counter-clockwise. 

Continuing the solution found that 5P, the left top corner 
the frame will rotate contra-clockwise. observed that slope-deflection 
sign rules may applied the traverse method solving problems involv- 
ing unknown directions joint rotations. 

Mr. Mitchell showed the traverse method Fig. 
assuming that the column 50% fixed. The traverse method, how- 
ever, offers shorter that given him, follows: For the 
columns fully fixed the base, For 50% fixation, will become 
equal and rotation will occur the bottom the column which 


The rotation the left end the lower beam There 
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will two-thirds the change the value This angle 
rotation will present its obtuse opening outward the same Equating 
the sum the negative angles around the frame the sum the positive 


with Mr. Mitchell’s result, but doing away with his Equations (17), (18), 
and (19), and his traverse equation. 

The writer cannot agree with Mr. Mitchell that the traverse method 
“holds advantage over the slope-deflection method”, nor with his 
the number equations required. 

Professor Tsai indicated his discussion that had fully 
the traverse method. His equations showing how simple moment areas 
and the positions their centers gravity may derived from (although 
not “given in”) the Ruppel tables* constitute useful contribution the 
practical application the method. His comment that could use the equa- 
tions three moments involving settled supports the slope-deflection 
method with greater facility than the traverse method solve Fig. 10, indi- 
that for this problem easier apply ready made formulas than 
work from basic principles, provided the formulas are memorized. 

Professor Wilson has also grasped the traverse method, but leans the 
end-moment distribution method “the most workable the special 
methods”. this connection worth noting that Hardy Cross, Am. 
Soc. E., has stated” that for single preferred the column analogy 
method™ the end moment-distribution method. The traverse solutions for 
single-span frames, including arched frames given herein, should certainly 
compete with the column analogy, especially for frames variable moment 
inertia which the Ruppel tables are applicable. 

The writer thanks Professor Drummond, Mr. Reeves, Mr. Kirkbride, 
Professor Ketchum, and Mr. Floris for their interest and the last 
three particularly for their encouraging comments. feels that consider- 
ing the versatility and general applicability the traverse method, should 
gain recognition. 

superior slope deflection the following respects: (1) pro- 
vides easy graphical verification the computed analysis; (2) uses 
basic principles rather than memorized formulas (“the 
thought”); (3) does not require the assistance some other method; and 
the entire elastic deformation structure may pictured from the 
solution the traverse method. 

superior end-moment distribution Items (3) and (4), and also 
its utility deriving specific formula which may recorded for future 
use. 


See 1:2:3 diagrams “Improved Method Finding Beam 
tions,” Ralph Stewart, Am. Soc. E., Civil February, 1934. 
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TRANSACTIONS 


Paper No. 1926 


RELATION BETWEEN RAINFALL AND 
FROM SMALL URBAN AREAS 
HORNER,’ Am. Soc. E., AND 


Synopsis 

The results research into the relation between rainfall and run-off from 
small urban areas St. Louis, Mo., are here presented specific studies 
the run-off from parts two different city blocks tributary street 
inlets and from both roofs and ground surface another entire city block. 
The information submitted results from measurements rainfall and storm 
flow for practically all heavy rains occurring from 1914 1933. The ratio 
run-off rainfall, defined several ways, shown vary over 
wide range. 

Rainfall rates each the locations studied are reduced and developed 
into frequency diagrams, and these three rainfall studies, with one other, 
are combined into master frequency study for the general region. Run- 
off also studied independent phenomenon; the run-off frequency 
curves are developed form similar the rainfall diagrams. 

The two sets curves are considered comparable representing 
equivalent probabilities occurrence. are then developed between 
corresponding values. Within certain limits, suggested that these ratios 
may applied proper rainfall frequency curves for other localities and 
will give approximate run-off values for similar conditions surface. 

Suggestions are offered how the values determined for specific blocks 
St. Louis might modified further applicable (a) different 


October, 1934, Proceedings. 
Engr., St. Louis, Mo. 
Engr., Sewer Design Dept., St. Louis, Mo. 
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surface slopes; (b) other percentages impervious area; and (c) other 
typical soils. For Class adaptation factors are determined sprinkling, 
definite rates, number segregated areas bare soil and turf. 


1908, one the writers had developed application the rational 
method sewer design for the City St. Louis. The form treatment 
and the mechanics the application were considered satisfactory; but there 
was little information then available ratios between rain- 
fall and run-off under specific conditions. proper development the 
hydrology urban drainage required the provision dependable factors 
indicating the relation between rainfall and run-off for wide range 
situations. 


TIPPING BUCKET GAUGES OBSERVATION STATIONS 
]-Shawmut and Ridge Avenues Station A. Belt and Ridge Avenues 


3-Union and Patton Avenues 
4-Garrison and Washington Avenues 7 mel 
Station 
(©) 
Station 
P 
4 CITY OF ST. LOUIS 


5-Weather Bureau ® 
6-Calvary and Florrisant Avenues _ 

Station C 
Scale of Miles 
2 


7-St. Lous University 


@-Eichelberger and Morgantord Avenues 


Funds were made available City St. Louis for research 
program. 1910, three tipping-bucket rain gauges were installed the 
500-acre Clarendon drainage area (see Points and Fig.'1), and about 
ten water-level gauges its main trunk sewer. The information thus secured 
was analyzed part 1915 and, again, 1920, but not exhaustively. 
Tentative values were deduced and the resulting run-off factors have been 
used St. Louis, but, heretofore, thorough study has been completed 
degree justifying publication the results. 

When the characteristics the flow the main trunk sewer came 
scrutinized, was apparent that closer view the basic relations might 
secured from examination the run-off phenomena from smaller 
areas. Therefore, study was undertaken two inlet areas Belt and 
Ridge Avenues and City Block No. 4841 (Stations and Fig. 1), in- 
volving the run-off from entire city blocks, exclusive that from the roofs 
residential buildings. Later, gauge was installed lateral sewer near 
Ewing and Washington Avenues (Station Fig. 1), and the entire run-off 
third block, including that from roofs, was made available for analysis. 
The result observations these three city blocks, during heavy rains, 
presented herein. 
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the course this more detailed study, better acquaintance with 
the effect soil characteristics and conditions upon run-off became desirable, 
Impressed with the simplicity the sprinkling tests, made the Miami 
Conservancy District, similar series tests were conducted St. Louis, 
using somewhat more elaborate and refined methods. The result part 
this work has been published.* data are given the unpublished 
Appendices filed Engineering Societies Library, West 39th Street, 
New York, Included with these records also the result similar 
series tests, conducted under the supervision one the writers, 
connection with the studies for storm-sewer design for Dallas, 


Instruments and each the three city blocks 
(Stations and Fig. 1). the pertinent information surface con- 
dition, slopes, shown Figs. inclusive, and Table During 
the period the tests, few changes took place the buildings and 


LOCK 
As of 1917 As of 1933 
Total in: Total in: Total in: 
(a) A (Bett anp Ripce Avenues; SEE Fic. 2) 
Impervious: 


Streets and sidewalks. 117 
098 
Roofs and porches. 356 
Paved yards and walks 199 
Pervious......... 


Impervious 
Streets sidewalks.| 872 030 
14 400 14 400 
OO 7 673 8 691 
Paved yards and walks|12 039 31 490 


Municipal and County Engineering, December, 1922. 


PLACE 


Wide 


GRANVILLE 


(c) Anza C (Ewtne anp WasHincton Avenues; 4) 
Impervious: 
588 370 
308 303 
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garages, the only one importance resulting from the erection apart- 


ment house the corner Belt and Ridge Avenues. The data for 
the beginning and the ending the test period are shown Table 


APPEARANCE PROPERTY INVOLVED: 


Description Instruments for Inlet Area each location the 
run-off was measured recording the head 90°, weir 
steel plate with bronze edges. Station and for Station the 
weir was installed special chamber built extension the bowl 
the catch-basin. Station the weir was installed chamber built 
into the brick sewer itself. each instance, the head the weir was 
measured pressure bulb connected with recording clock gauge. 

Fig. 30% the area above the inlet ‘at the northwest corner 
Belt and Minerva Avenues assumed tributary the gauge Belt 
and Ridge Avenues for all rains. Referring Fig. the area marked, was 
judged yield practically run-off. The yard marked, (Fig. 3), 
was found have several small sumps, that water from this yard did not 
reach the gauge. Consequently, was assumed that water from all storms 
would probably stand. 

Station (see Fig. 4), the rainfall was measured standard 
tipping-bucket gauge building adjacent the upper edge the block. 
Stations and home-made rain gauges were installed such way 
that the rain water falling into the gauge was measured head 
additional pressure bulb, which actuated extra pen installed the 
clock gauge. These rain gauges were calibrated introducing known 
quantities water into the stand-pipe and noting the chart records. 
supplement these gauges, three tipping-bucket rain gauges were also avail- 
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able Shawmut and Ridge Avenues, Kingshighway and Enright, and 
Union and Patton Avenues, all within mile the two home-made gauges 


Pervious AREA 


Area Fig. the pervious part consists small front lawns, some 
good turf, and some bare soil. Area Fig. nearly all the pervious 
part well turfed. Area Fig. pervious part consists generally 
some small separated plots rather hard-packed soil. 

Reduction examination typical chart for Belt and 
Ridge Avenues (Fig. shows the rain pen moving from the outer circle 


Rain SEPTEMBER 1917. 

toward the center, and the weir pen moving outward from the center. 
Celluloid verniers, indicated the shaded rectangular areas, make pos- 
sible read the time scales the nearest minute. Since the rain pen 
home-made addition the gauge, does not follow the printed time lines, 
and the apparent time the rain record must corrected clock time. 
Fig. shows the curves obtained plotting the information obtained from 
charts, such Fig. The records for City Block No. 4841 were similarly 
reduced and plotted; the tipping-bucket rain gauge Station 
sitated some differences the detail handling its records. 
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Run-Off introduce the factors that enter into the 
problem, the following discussion hypothetical case 


4.0 


o 


Rate of Rainfall in Inches per Hour 


Rate of Run-off in Cu Ft per Sec per Acre 


8:20 8:30 8:40 8:50 
Time (P.M.) 


Fic. CuRVES; RAIN 


SEPTEMBER 1917, STATION 


offered. 

Fig. represents the 
plane with pervious 
surface, exposed 
rainfall 
rate. Let inten- 
sity, rate rain- 
fall, inches per hour; 
inches per hour; 
rate evaporation 
inches per hour; 
available for run-off 
depth water film 
the surface due 
depth film when run- 
off begins; veloc- 
ity water the 


7 
% D’ 
s Water Lost by 
Evaporation 
s After Cessation of Run-off = 
= Eventually Absorbed 
3 or Evaporated 
1 (a) Volume Curves 
Residual Rainfall = = F 
= 
= 
Rate Curves 
E Time——> H G 
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moving film; rate run-off; and duration rain. Point 
represents the beginning the rainfall. For time, the rate, e), 
greater than and water can accumulate the surface; but since 
Fig. when the surface film begins form and begins have posi- 
tive value. The water this film subject two opposing forces: (1) 
component the force gravity which tends cause motion the plane; 
and (2) surface tension which tends oppose this motion. the rate, 
e), decreases, the depth film, increases until the critical depth, 
attained, Point Fig. when run-off begins. Under the assumed 
conditions, run-off would begin simultaneously over the entire area. 

Frictional resistance, which tends reduce acceleration, increases with 
the velocity and decreases with the depth. Therefore, the values and 
any given point the plane depend balance between these opposite 
effects combined with the effects absorption and evaporation. 

the assumed conditions continued for indefinite time, the value 
would approach zero limit, and the values and would 
approach limit, indicated the diagrams Points B’, D’, and F’, 
Fig. From this time on, the product, all points the plane 
would constant, would the total volume water transit, represented 
the intercept the ordinates between the lines, and EF, Fig. 8(a). 

If, however, rainfall should cease after time, the value would 
drop immediately zero indicated the line, BH, Fig. 8(b). The 
water transit, represented the line, DF, Fig. 8(a), would still 
available for run-off which would continue decreasing rate until the 
moving film was reduced the critical depth, Point when run- 
off would cease; the water retained would eventually absorbed 
evaporated. 

Actual factors not considered the hypothetical case are 
involved actual inlet area. not plane surface, but collection 
small contiguous planes; the slopes may range from horizontal for tennis 
courts, vertical for building walls; the permeability the component sur- 
faces may likewise vary over wide range, from asphalt street paving grass 
plots and cultivated ground. The actual area may contain well-defined water- 
courses, such gutters and rivulets. 

Depressed areas may present into which water drains and thus becomes 
trapped; this drainage never reaches the inlet, but absorbed 
evaporated. Such condition may designated retention pondage. 
the depression shallow, may soon filled and then contribute its overflow 
the run-off; or, the depression may have outlet that too small drain 
the water fast falls. This water will appear the total run-off, but its 
will have effect upon the rate run-off. 

Although actual inlet area may composed elemental plane surfaces, 
impracticable analyze run-off from each small area separately. The 


entire inlet area here taken unit, and the run-off from studied 
whole. 
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derived from the local records. study these graphs shows that the 
reduction height the run-off peaks, compared with the rainfall peaks, 
not entirely due the loss water absorption and evaporation. 


Water Which Never 
Reaches Iniet 
Absorbed and Evaporated) 


Residual Rainfall 


Rainfail|© Min. 
0 


5:10 Pt 30 5:40 5:50 6:00 
Time (P.M.) Value of Time, t 


Fic. CURVES FOR RAINFALL AND Fic. REPRESENTING 


STATION RAIN SEPTEMBER THEORETICAL RUN-OFF RESULTING 
1920. FROM RAINFALL UNIT AREA FOR 
Unit 


due partly the fact that run-off spread over greater time interval than 
rainfall. some method could found separate these two rate-reducing 
effects loss absorption and distribution the run-off time, would 
possible measure the absorption and evaporation characteristics the 
areas under investigation. 

Following outline method analysis based upon theoretical 
unit graph showing the probable distribution time the run-off resulting 
from min uniform rainfall. 

Fig. 10, the rectangle, represents the volume min uniform 
The rectangle, represents the volume this rainfall which will 
ultimately reach the sewer. 

The shape the run-off unit graph was derived from study the 
records few short rains fairly uniform intensities, the equations for the 
two branches: being entirely empirical. The quantities, and 
tively, are the ascending and descending instantaneous values resulting 
from rainfall unit duration unit area; the maximum value 


Lag, 
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and the time measured from the beginning the rainfall; 
the lag, the value Qm; and and are arbitrary constants. For the 
increasing values the equation the line, OA, is: 


For decreasing values, the equation the line, AB, is: 


From Equations (1) and (2) seen that when Qm. 
Integrating and adding Equations (1) and (2), the under the unit 
run-off curve found be: 


t j 


Pi, the value found be: 


The values, and Equations (1) (4) can determined only 
trial. After many rains had been investigated, was found that, for Stations 


and gave the best results (see Fig. 11). 


Fic. 12) 


Quantities of run-off, Q, at 
successive values of time, 


successive values dura- 


t, in minutes 


minutes 
run-off and corresponding values 
inches per hour 


eoooorss 


tion period, minutes 


Time, 

minutes 
of run-off and corresponding values 
inches per hour 


= 


100% 
run- 
off, 


Fig. and Table show the method computing the ordinates and 
plotting the 100% run-off for short hypothetical rain. The 
same method may applied any rainfall record find the computed 100% 
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Rate of Run-off in Cu Ft per Sec per Acre 


Rate of Run-off in Cu Ft per Sec per Acre 


Rate of Run:off in Cu Ft per Sec per Acre 
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Q. 


Run-off 


40 50 9:00 10 8:30 40 40 50 9:00 10 


0.0 


640 50 7:0 310 20 30 6:49 50 i = 20 .* err 50 7:00 10 20 30 
(b) Station Aug. 27, =0.49 


Computed Q 


8:20 30 40 50 9:00 10 820 30 40 7 9:00 10 ns -— 50 9:00 10 
ime 
(c) Station Sept. 1917; Lag, =6; =0.74 


4.0 
3.0] 
2.0 
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run-off for any area for which the lag known. The computed 
shows the rate-reducing effect the distribution run-off, time, separated 
from the effect due absorption and evaporation. comparison’ 


measured run-off curve with the 100% 
run-off curve shows the effect ab- 


sorption and evaporation. 
Computed 100% 
Run-off, 


w 


herein has reference only the differ- 
ence phase between salient features 
the rainfall and run-off rate curves; 
its numerical values (which are gen- 
erally somewhat less than the “time 
concentration”) are difficult deter- 
mine with the desired accuracy owing 

struments. (A full discussion of this Fic. 12.—Hypornerica. Ratn, SHow- 
script filed Engineering Societies 

Library.) Observed values, subject correction, are taken from the time 
difference between salient features the rainfall and run-off rate curves; 
between the centers mass the rainfall and run-off rate curves. 

The comparatively wide range the lag each location led the 
inference that the lag was variable, its value being determined more 
rainfall characteristics than the characteristics the drainage area. Dia- 
grams were made the relation between the lag and various char- 
acteristics (see Fig. 13), but evidence correlation was found. all 


Rainfall Rates, i,in Inches per Hour 
Run-off Rates, Q, in Cu Ft per Sec per Acre 
w 


LEGEND 
© Rain on Dry Ground 
* Previous Rainfall 
3 Less Than One Day 3 
£ x ° 
25 50 
= 
a 2 
3 & 3 = 30 
<« 2 § 20 
= 
0 0 
024 68 10 024 6 8 10 024 6 8 10 
Observed Lag Observed Lag Observed Lag 


Fic. CORRELATION DIAGRAMS LAG STATION 


these diagrams, the values the lag for each location tended concen- 
trated about certain modal values. statistical study (see Fig. 14) indicated 
that the mean, the median, and the modal values the lag for each location 
were approximately equal, which suggested that the value was nearly constant 
for each station, and that the variations from the mean value were probably 
chance variations which-were partly explained later the discovery small 
unsuspected time errors. Each the plotted points through which the curves 
Fig. were drawn, represents the number storms investigated which 
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had the corresponding observed value lag, less. the 
observed the three observation stations are given Table Under certain 
circumstances, the true lag may vary slightly from the adopted 
Table but the recording instruments available for this work are not suf- 
ficiently sensitive measure the variation with any assurance accuracy. 


= 
Cumulative Number of Rains 


~ 


Cumulative Number of Rains 


~ 


Cumulative Number Rains 


Median ' 


024 6 8 1012 0246 8101214 
Observed Lag Observed Lag 


Fic. SHOWING VARIATION OBSERVED VALUE 


only three different areas are represented the local records, 
impossible establish any definite rules for the determination the lag for 
given inlet area. The two stations for which the extreme values the lag 
are indicated (Station min; and Station min) have widely different 


Mean Median Mode Adopted 
vaiue 


characteristics. The conditions size and shape which tend increase the 
lag are combined with conditions slope which have the same tendency. 
This makes difficult separate their effects, but does give idea 
the maximum range value the lag for similar areas. 

Drainage Area (Fig. includes several independent inlet areas and 
roof drainage, and the storm water from all parts the block 
reaches the sewer after comparatively short run. the other stations, the 
flow entirely over the surface the point measurement. 
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reason direct comparison cannot made with the other locations, but the 
results indicate that the lag for completely sewered area practically 
the same that for simple inlet area comparable size. 

The majority inlet areas, least St. Louis, would have lags some- 
where between and min. For any ordinary inlet area, lag min could 
not very far from the true value. 


DETERMINATION THE Run-Orr Factor 


The 100% Run-Off Graph.—The rates 100% run-off, computed the 
same method shown Fig. and Table have been plotted broken 
lines Fig. for typical storm each station. The lines represent the 
theoretical value the run-off rate for absolutely impervious area there 
evaporation. Their close similarity the measured run-off curves 
obvious; the infrequent dissimilarities are due several causes. For example, 
the factors,j and the formulas may slightly error due the 
difficulty ascertaining these values. There possibility that the rate 
rainfall for single minutes may error, although the average rate for 
several minutes may correct. Furthermore, there may slight time 
errors which would tend shift the rainfall and run-off peaks one way 
the other. All these causes would affect the shape the 100% run-off 
curve and, some cases, their effects might cumulative and appreciable. 

Except otherwise stated, the run-off factor, defined the ratio 
between the volume water that has run off from the given area 
given time, and the volume water that would have run off from the 
area during the same time had there been evaporation absorption. 
indicated most conveniently (see Fig. 16) the ratio between corre- 
sponding ordinates the mass curves the measured run-off and the 100% 
run-off. (In Figs 16(a) and 16(b), the would eventually meet 
the Si-curve the entire record had been plotted.) 

Typical storm September 1926, Area (see Fig. 
15(a)) begins with period high intensity lasting for about min; then 
falls suddeuly medium values which gradually decrease with some minor 
fluctuations until the end the storm. 

The ordinate the mass (Fig. for any given time 


proportional the area the rainfall-rate curve from the beginning the 


-curves are the mass 


rain the given time. Similarly, the and 


curves for the 100% run-off and the measured run-off, respectively. 


The graph the run-off factor, obtained from the ratio 


corresponding ordinates the mass curves. The comparatively large dif- 
ference between the maximum and final values the run-off factor this 
case rather unusual and due the great and sudden change rainfall 
intensity early the storm. 
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interesting type rainfall (which seldom occurs more than once 
year St. Louis and then only between August and September 15) 
represented the storm August 27, 1921, Area (Figs. 15(b) and 
16(b)). This type storm, with its steadily increasing intensity, results 
higher run-off rates than any other storm comparable magnitude. 

The run-off factor rises maximum value within about min and 
remains practically constant for the remainder the storm, indicating that 
once certain degree saturation has been reached, further increases 
rainfall rates have little effect. The low value and the smoothness 
the curve are characteristic this area, which large and flat. 

The rain September 1920, Area (Fig. 15(c)), also begins with 
low rainfall intensity and builds climax. The high value the 
run-off factor characteristic this location which completely sewered 
city block and not inlet area are the others. 

Complete Data.—Curves similar Fig. 15(a), prepared the unit-graph 
method for all representative storms each location, have been filed with the 
record manuscript Engineering So- 
cieties Library. these diagrams 
shown, step curves, the appropriate 
rainfall rate information; dotted 
lines, the 100% run-off curve, 
the unit-graph method, using the values 


Variation of & with Time 
c 


ular block under study; and the actual 


run-off rate curve determined from 
the sewer gauges For ready 
reference, the end values are given 


each chart; that is, total 

run-off divided total rainfall. Notes 

other prior precipitation that would 

have affected ground conditions are 

also given. 

Unit-Graph Method Determin- 
ing Run-Off 
have been studied number ways. 
The form the rainfall-rate curve 
having been altered the unit-graph 
application, was expected that the 
ratio simultaneous values the 
measured run-off, the calculated 

AREA 1920 fairly simple series values and 
Rain definite relationship certain remain- 
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Ratio Instantaneous Fig. 17, the rate ratio, com- 
pared with the volumetric ratio, The former much more irregular 
“Ye 


than the latter, due the causes enumerated under the heading, “Determina- 
tion the Run-Off Factor: The 100% Run-Off Graph”. will noted 
Fig. that when the slope the run-off curve (at the peaks and 


valleys) 5:13 P.M., 5:19 P.M., and 5:31 P.M., the value nearly 


the same that practical comparison can made ignoring 

exact time relations and comparing with only for generally correspond- 

ing peak values. 

The results such study all the data are plotted percentile curves 
Fig. 18(c). The values cover wide range and method has been found 
co-ordinate them other variables. Fig. 18(b), the values are separated 
accordance with time occurrence after the beginning the rain, but 
without distinctive results. seemed possible that more definitely character- 
istic values for each block might result from the use average peak values 
5-min duration rather than extreme peak values. The rates thus obtained 
are shown Fig. 18(d) and may compared Fig. 18(c). 

There marked correlation between the ratio these 5-min peak rates 


Correlation diagrams, which 


and the final value the run-off factor, 


Fig. example, indicate that the final value when applied 
the 100% run-off curve, will give computed peak run-off which should 
approximate the true value, except for peaks occurring early the storm. 
This final value can determined easily and accurately the ratio 
the total run-off the total rainfall. not affected time errors 
uncertainty values and the unit-graph formulas, are the 
other ratios studied. 

each the ordinates the 100% run-off curve (for given storm and 
location), computed means the unit-graph formula, multiplied 
the final value the run-off factor for the given storm, the resulting curve 
usually agrees fairly well with the measured run-off curve, shown the 
circled points Fig. 15. 

The agreement better the longer storms, and for the later parts 
storms, especially the maximum rainfall intensity occurs after 
min rainfall when the run-off factor curve has flattened out, Fig. 
When the maximum rainfall intensity occurs early the storm, the 
agreement not good (see Fig. 15(a)). 
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TABLE 4.—(Continued) 


RAINFALL AND RUN-OFF FROM URBAN AREAS 


| ! 


0.36 


0.340.30 


1.221 960. 00. 620. 570.530. 54 

o/ has. 9O....).... 12:0. 83/0. es. ae. 320.380.47)....).... 0.51/0.49) 

1/27/19176. 633.723 1.061 .03)1 800. . 0.180.220.2700 .270.300.32).... 


(16) 


ro} 
iP 


od 1.401 


| | 


0. 


Date 
0.35 
0.31 
0% 
0.8 
0.39 
0.62 
0.61 


RAINFALL AND RUN-OFF FROM URBAN AREAS 


TABLE 4.—(Continued) 


te 
Duration Period, Minutes 


163 


Duration Period, Minutes Duration Period, Minutes 


(c) Station C, Ewine Wasninaton Avenvuzs 
) 
are 


— 


| 0.67 
0.35 
| 0% 
0.0 
0.8 
9 0.61 
0.39 
0.61 


164 RAINFALL AND RUN-OFF FROM URBAN AREAS 


tempt made correlate the value with the various 


indicated, and the only apparent correlation the case the maximum 


0.30 
0.20 0.30 0.40 0.50°0.60 0.70 
=Q, =Q 
Order of Magnitude 3 Values of 
Qt (max) 
(max 


run-off rate for 5-min period. This indicates that high rates run-off 
more likely the result combination relatively low rainfall rates 
and high run-off factors than the result high rates rainfall. Similar 
graphs for the other locations show similar results. 
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Maximum Rate of Rainfall,inches Maximum Rate-of Rainfall. inches 
per Hour for 30-Minute Period per Hour for 5-Minute Period 


Ratio Average Run-Off Average information 
has been taken from the records and given Table means these 
records possible compare average rainfall rates with average 
rates the same duration, and also compare these ratios with end value 
the run-off-to-rainfall ratio, given the last column. 
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using Table the present case and the frequency 
follows, should understood that the duration periods listed not occur 
the order listed for any particular storm; for example, Station Table 
4(a), for the rain September 15, 1914, the entries under “20 minutes”, for 
rainfall and run-off, which have numbers parentheses (11) and (17), are, 
respectively, the heaviest, average 20-min rainfall and the average rate 
run-off for min corresponding approximately with the particular 
shown that the ratio these average rates 0.60 which 
corresponds closely the ratio the mean value for this storm. The num- 
bers parentheses correspond the positions these the fre- 
quency studies described subsequently. 

Ratios average run-off average rainfall rates for 5-min duration and 
for 10-min duration have been taken from Table these values also vary 
over wide they have been plotted percentile curves, Fig. 18(e) and 
Fig. 18(f), and may compared with other diagrams Fig. 18. should 
noted that, while values the various curves Fig. differ materially 
with the character the ratio, the distribution these values seems 
follow about the for each diagram, indicated near 
parallelism the lines. The close relationship actual ratio values 
Fig. 18(e) and Fig. with those Fig. 18(a) important. 


Certain general conclusions, which the writers are inclined draw 
these exhibits are, follows: 

(1) The value all run-off ratios studied for individual storms varies 
between wide limits each observation station. 

(2) The values “P, (final)” have been plotted percentile curves for 
each the areas under study. This curve, Fig. 18(a), similar 
Fig. 18(c), Fig. and Fig. and shows that for each 
the areas studied, varies quite widely from the mean; but, with the 


other factors, for absolute for 5-min averages peaks; 


¢ (max) 6 


and 


for 5-min and 10-min the trend the three 


curves surprisingly uniform character, indicating that the variables 
which cause this divergence enter into the occurrence for each the drainage 
areas about the same way. Straight lines have been drawn Fig. 18(a) 
represent the percentile points, These lines indicate that the 
run-off Station throughout the full range values likely exceed 
that Station about 20%, while the rate for Station will exceed that 
Station about per cent. 

(3) For drainage area, the run-off factor, seems affected 
the season the year, general conditions, previous 
but co-ordination has been determined. 
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(4) evidence general correlation has been found between the 


value” the factor, for individual storms, and the rainfall 

acteristics the storms (such maximum mean i). However, the 
variation the run-off factor during the progress storm seems depend, 
some extent, upon the variation the rainfall intensity. The effect 
not pronounced except extreme cases, such double multiple rains, 
when the rainfall intensity falls low values for considerable periods between 
the peaks. 


(5) The ratio, total measured volume run-off total measured 


volume rainfall, been found have close correlation with the ratio, 
Q: (max) 


based 5-min duration periods (see Fig. 19, for example). The 
(max) 


ratio, can found conveniently with great accuracy, and provides the 


best information the general relation between rainfall and consequent 
run-off rates for any given storm. 

(6) doubt, the value the run-off factor, greatly affected the 
nature the soil, but the local records can throw light.on this phase 
the subject, since the soil the same yellow clay each the observation 
stations. The sprinkling experiments were undertaken fix the values given 
this paper definite soil condition. (See Table 8.) 

(7) The wide variation the “final values” each the sites must 
attributed combinations three variables: (a) Condition the soil; 
(b) condition attributed coverage; and (c) character the distribution 
the rainfall rates: 


(a) Variation Soil This variation probably closely 
similar that the soil-moisture content, and accordingly 
affected previous precipitation and the seasons the year. 

(b) Variation Condition effect the character 
the turf the lawns and the foliage trees and shrub- 
bery, also would appear have some relation the season 
the year. 

(c) Character the Distribution the Rainfall Rates—The final 
value, (which the ratio total run-off total rainfall), 
not subjected the effect distribution which the unit-graph 


study brings the values during the Accord- 

ingly, will vary seriously with the manner which 

precipitation departs, one way another, from the condition 

uniform intensity. 


Part studies have been made the run-off factor under the unit- 


graph method three forms: First, the ratio, instantaneous 
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ratios; second, the ratio, for generally coincident peak values; and, 


Studies have been made the direct relation between run-off and 
First, ratios average run-off rates average rainfall rates for the 


same duration; and, second, the final value, These experi- 

mentally determined ratios have been found vary over wide range, and 

satisfactory correlation other variables has not been found. 

The unit-graph process probably the best yet developed for analyzing 
rainfall and run-off data the kind presented this paper. some modi- 
fication can applied generally run-off data hereafter available, 
will possible study the remaining variables entering into the relationship 
between rainfall and run-off much simpler form than heretofore has been 
undertaken. 

Further prosecution the investigation undertaken herein, might appear 
involve series studies. First, the unit-graph method would yield 
factor similar the coefficient retardation, representing the ratios between 
used this section, and average rainfall intensity for particular 
duration periods classified frequency occurrence. The second series 


would involve determination the values factor, has been 


attempted, with the proper relation frequency occurrence. 

such information were satisfactorily developed, the run-off rates would 
determined applying average rainfall intensity the proper fre- 
quency and duration, coefficient retardation, thus reducing 


100% run-off rate, and, thereafter, applying the value reduce 
actual run-off rates. 

Such undertaking, however, becomes involved numerous complica- 
tions. appears that the same results could secured simpler means, 
although probably less scientific manner, the information rainfall 
and run-off was made the subject frequency-of-occurrence studies 
the two phenomena were independent. 


PART II.—Frequency Run-Orr Rates 


Part II, run-off considered independent phenomenon, and 
frequency study made the average rates run-off for various duration 
periods each observation station, order determine the answer the 
question, “How often given number years will given inlet area 
discharge storm water given rate for given duration 

Frequency expressed years and has reference the period time 
during which event given magnitude will probably equalled ex- 
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ceeded one time. Table shows the basic used the frequency study, 
period years was chosen for each location such that continuous 
the best records for that location was available. Station the 
years, from 1914 1932, inclusive; Station the twelve years, from 
1916 inclusive; Station the sixteen years, from 1914 1929, 
and the United States Weather Bureau ‘Station, the twenty-two 
years, from 1907 1930, inclusive, were chosen the most 
(On September 29, 1925, the rain gauge Station was taken out 
service. After that date, rainfall rates for this location were obtained 
interpolation from three near-by gauges.) 

These series although shorter desired, are longer than 
usually accepted minimum about ten years. each station all storms 
having significant average run-off rates (about 1.0 per sec per acre, 
more) for the duration periods represented Table are listed 
eal order. 

Under the heading, Table listed the highest average 
rate rainfall, observed during the storm question, for the various dura- 
tion periods. Under the heading, “Run-Off,” listed the highest average rate 
run-off observed during the storm question, for the various duration 
periods run-off. 

The numbers parentheses, shown with the rates, represent the order 
magnitude that rate for the duration period which shown. For 
example, referring Table during the storm September 15, 1914, 
observed Station the highest average rainfall rate for period min 
2.47 in. per hr, and this rate for this duration period has 
ten times the nineteen years represented the table. The highest aver- 
age run-off rate, for duration period min, 1.47 per 
acre, and this rate has been exceeded sixteen times during the nineteen. years. 
Where numbers parentheses are shown, the rate has been exceeded more 
times than the number years represented the series. 


Run-Off 

Rainfall 
run-off rates the rainfall rates, shown the preceding columns. 
course, the duration periods shown for run-off rates are not identical 
absolute time with the corresponding duration periods shown for rainfall rates, 


the difference being due the lag. one two instances, the duration 
periods compared belong entirely different phases the rain. 


The (Table 4), contain the ratios .the 


The column headed, (Table 4), shows the ratio the total run-off 


the total rainfall for the entire duration the storm question. This 
information not given for few storms long duration where the rates are 
insignificant for most the time, only the peak values being 

Table being taken from the records the Weather 
rainfall rates only. The information which the frequency series was 
determined complete and consecutive with the exception one storm, that 
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1.21 (14) 


August 1923, for Station and accurate within the limitations the 
instruments used. The years, 1918 and 1932, are not Table 
4(a) for nor are the years, 1922 and 1929, Table 4(b) for 
Station sufficient. magnitude occurred these years 
warrant inclusion. Several storms were included for which the data were 
open the grounds non-conformity, such that September 
12, 1925, Station and the small rains showing more than 100% run-off, 
but for which no. definite defect the could found. 

frequency series was made for each vertical 
column under the headings, “Rainfall” and “Run- Table 4.. The rates 
taken from each column were arranged the order magnitude beginning 
with the highest.- Since the occur, average, more 
each series was arbitrarily limited the number years 
from was taken. makes the number events equal 
the. number years the series, facilitating the the time 


frequency for were from: the 
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the series (the maximum being No. 1); and, number items the 
series. 

The rates rainfall and run-off selected for the various series were 
plotted against the corresponding frequency percentages logarithmic 
probability paper (Fig. 21). Since direct comparisons were made 


Probable Frequency in Years 
80 $04030 20 10 5 
220 
a 1 5 10 20 30 4 SO 6 70 80 90 


Frequency Percentages; Probability Scale 


FREQUENCY CURVES. 


between the different series, was decided derive the curves through the 
plotted points computation, using statistical rather than graphical methods, 
order eliminate the personal equation and assure that each series would 
receive exactly the same treatment. 

The method used computing the points the smooth curves Fig. 
consists calculating: First, the mean value the terms each series; 
and, then, the coefficients variation and skew for the series. Knowing the 
value these coefficients, the co-ordinates points the skew frequency 
curve were calculated from the information given the skew curve 
factors Alden Foster, Am. Soc. Details these computations 
and complete sets curves are filed with the record manuscript Engineering 
Societies Library. 

The curves, such those shown Fig. 21, indicate the probable 
quency occurrence given rates rainfall and run-off, expressed 
percentage the total number events the same class given array; 


Transactions, Am. Soc. E., Vol. LXXXVII (1924), Table 162. 
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for example, rainfall run-off rate having event frequency 20%, 
shown the graph, will probably equalled exceeded once five years. 

Transposing the co-ordinate axes and plotting the data given 
the type Fig. 21, series curves are obtained which show the relation 
the rates run-off and rainfall duration these rates for fre- 
quencies 50, 40, 30, 20, 10, and years. These curves (Fig. 22) corre 
spond the familiar curve. 

Correspondence Between causal connection between 
corresponding points the rainfall and the run-off curves for given 
quency. Such points not actual storms, but only rates having 
the same probable frequency. The curves represent variations concurrent, 
but not necessarily completely dependent, phenomena. 

the ratios between corresponding rainfall and run-off 
rates for various frequencies taken from these rate-duration curves. The use- 
fulness these ratios lies the fact that the data from several observation 
stations may combined provide rainfall frequency series greater 
and possessing greater scope and accuracy than possible the case 
the local rainfall and run-off frequency series. 

Transformation Long-Time ratios between corresponding 
rainfall and run-off rates, shown the local rate-duration curves, reflect 
the local conditions that affect the rainfall-run-off relations the station 
question. Therefore, when these ratios are applied rainfall rates given 
long-term rainfall fréquency series, the resulting rate-duration curves 
should show the most probable values for run-off rates for various frequencies 
and duration periods each station. 

Another advantage this method that takes into account the position 
factor rainfall rates and its effect run-off rates. high rainfall rate 
the beginning storm, may result rate run-off 
while much lower rate rainfall the same duration, occurring late 
storm, may result relatively high rate run-off. the long-term 
rainfall frequency series, all types storms are included, and the position 
factor the various rainfall rates taken into account (at least indirectly) 
with the relative frequency the various storms. 

long-time comprising station-yr, may obtained com- 
bining the rainfall records the three observation stations; but two the 
stations (Stations and B), are quite close together, while the third (Station 
C), about four miles away (see Fig. 1). Since the Weather Bureau 
Station fairly close Station this fault may minimized com- 
bining the records from these four stations, thus obtaining 61-station-yr 
series. will seen from Tables that few critical storms are common 
all four stations, and that the record one the stations having 
length from can truly representative the rainfall probabili- 
ties for the short storms the St. Louis fegion. This 61-station-yr series, 
shown Fig. 23(b), has been adopted the basis the final frequency 
study. could have been improved somewhat using all the rain-gauge sta- 
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tions St. Louis, but this would have had the disadvantage not involving 
great extent the localities the rainfalls entering into the 
study. 

For each the three blocks studied, frequency curves were developed 
applying the 61-yr rainfall series the ratio between rainfall and 
shown graphically Fig. the modified run-off frequency series 
given the lower part Fig. assumed represent equivalent probabili- 
ties with the 61-yr rainfall series. 

determine whether not the basic information had been any way 
distorted its manipulation through the frequency studies, second study 
was made the form indicated Part III. 


Duration 
The graphs the series curves represented Fig. 24, which only 
three are published, are compiled from two independent sets data. The 
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Fie. CURVES RAINFALL AND STATION 
plotted points each graph represent the average rate rainfall and run-off 
for the duration period for which was prepared. Each point represents 
single storm listed the table from which the rainfall and run-off frequency 
series were compiled. Points above Line A-B (Fig. 24) represent storms 
included the rainfall frequency series. Points the right Line 
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represent storms included the run-off frequency series. Lines and 
un-off define the mean values the rainfall and run-off rates relation the 

and horizontal axes, respectively, thus establishing Point 
the center gravity all the points. 


Referring Table 4(a), seen that for the first storm listed Station 
(September 15, 1914), the maximum average rainfall rate for 5-min period 
in. per hr, and the maximum average run-off rate for the same 
period 1.89 per per acre. The point representing this storm, there- 
fore, located from these co-ordinate values Fig. 24(a). 
study The frequency scales shown the rainfall and run-off rate axes are 
iaken from the rate-duration curves (see and 23(b)) where 
found that the rainfall rate having probable frequency (for 5-min 
duration period) 5.10 in. per hr, while the corresponding run-off rate 
only 9.85 per per acre, for each frequency. 
The The points designated crosses Fig. 24, and connected solid lines, 


are plotted opposite corresponding frequencies shown the rainfall 
and run-off axes the right-hand top margins each chart. These points 
not represent actual storms, but only abstract rainfall and run-off 
rates having the same probable frequency, years, determined the rate- 
frequency graphs for Station The relation this line the points 
shows that, although points the frequency curve were extrapolated beyond 
the observed data, the general trend the ratio run-off rate rainfall rate 
observed the original data has been preserved the extrapolated values. 
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From this series diagrams two composite charts (Fig. and Table 


were compiled, which gave identical information the plotted points, 
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and differed only the connecting lines shown between the points. They 
involve essentially the same information that presented Fig. 23. Each 
the diagrams offers different aspects. 


TABLE AND Run-Orr Rares ror Various 


Description Station Station Station 
Tributary area, 2.25 3.25 4.33 
Percentage of area, impervious ............. 50 29 72 
Percentage of area, pervious.. ............. 50 71 28 
Average slope 0.7 2.0 


Figs. and contain the results the run-off frequency study. How- 
ever, Fig. 26, this material has been set present one other relation- 
ship. These diagrams were prepared comparing the average run-off rates 
for particular duration periods, as, for example, min and min, with the 
maximum average run-off rate for min for the same storm. The informa- 
tion the average 5-min and 10-min rates was taken from Table The 
tabulated data for the 1-min rate are not presented, but they were taken 
directly from the hydrographs. The relationships indicated these diagrams, 
summarized Fig. 27, are surprisingly should noted 
that the relationship for Sta- 
tion (Ewing and Washington 
Avenues) for the 20, 25, and 
80-min periods, does not seem 
follow slope line through 
the origin clearly the 
ease for other curves, and 
the line drawn mean used 
only for the purpose prepar- 
ing the curve Fig. 27. While 
not expected that the rela- 
tions given the curves can 
immediate use connec- 
tion with sewer design, they 
are interesting and should 


Ratio of Average Run-off Rate for 
Various Duration Periods to Maximum 
Average Run-off Rate for One Minute 


real value the hydrologist. Duration Period, Minutes 
The run-off values shown 27. 


Fig. 22(a) for Station and those for Station Fig. 22(b), seem fit 
into logical conception the effect topography and surface condition 
run-off rates. The curve for Station (Fig. 22(c)) giving the result for 
entire city block, including many sub-areas such roofs and yards that 
drain directly the sewer, not strictly comparable the information for 
the other two blocks. The very high run-off rates shown this ‘case were 
surprising the writers, even view their familiarity with conditions. 

Figs. 22(a) and 22(b), show that for the two smaller locations, the greatest 
ratio between run-off and-rainfall occurs for the lighter and more frequent 
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rains; for Area the reverse true. Tracing the reversal phase back into 
the primary data, noted that the corresponding rainfall and 
off curves for Area diverge the right, whereas for the other sites these 
curves approach each other for the longer time. 

This means that the range run-off rates Station greater than 
the range rainfall rates; that is, the drainage system Station 
more sensitive changes rainfall rates than the systems the other 
locations, due probably the manner collecting the water. The mean 
velocity from points Area greater than that from points 
Area the same distance from the point 

Fig. brings out interesting manner the fact that the run-off 
characteristics the three sites are quite similar for the light rainfalls, and 
only the field the rarer occurrences and greater intensities that 
the marked differences appear. For Station the relationship rainfall 
and run-off affected, relatively small degree, variation duration 
frequency; for Station more important differences appear this 
account; and, for Station the effects are distinctive. 


II. 


various times during the period, 1924 1934, the writers and their 
associates have attempted organize the information given herein 
manner that would justify publication. The present effort analysis has 
extended over period nearly two years, and the writers now recognize, 
more fully than ever, the inadequacies the results secured. They are more 
than ever impressed with the certainty that much importance lies 
buried the available data. 

the hydrologists, they believe that they are presenting hitherto unpub- 
lished information susceptible detailed study and interpretation. 

For the engineer designer the municipal drainage field, the informa- 
tion contained Part should valuable guide judgment, although 
only small fragment the information desirable for reaching sound 
basis for storm-sewer design. Part III method suggested the 
application which the information presented will usable broader 
field without departing too far from the available facts and figures. 


study the diagrams, Figs. and 25, brings out the following crude 
relationships: 


(1) For flat areas relatively low percentage imperviousness (such 
as, Area B), the relation between rainfall and run-off equal probability 
does not vary greatly with frequencies durations; the average ratio 
slightly less than 0.4 

(2) For steeper and less permeable areas (such Area A), the correla- 
tion fairly uniform except for the shorter 5-min rains, and the average 
ratio about 0.65. 

(3) For the built-up block (such Area the correlation 
not simple, and the average values are greater than 0.8, 
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(4) Table gives round figures the principal characteristics the 
three test sections. 


Average Percentage General average ratio 
(see Fig. 16) slope area, run-off rates rain- 


0.7 
3.0 
2.0 


(5) With only three sites sufficient sets information are not available 
permit proper attempt isolate the effect the run-off ratio 
(Column (4) Table 7), the variable Column (2), from that the 
variable Column (3). has been interesting, however, attempt set 
series ratios for the pervious and impervious areas, found 
“cut-and-try”, that would develop the actual run-off rates given the final 
diagrams. 

typical, although study this type for 15-yr rain 
presented Table 


TABLE 8.—Errect Grounp Surrace THE Run-Orr 


AREA: 
Area (see Per- Rainfall 
Item | Figs. 2, 3, centage rate, in Computed Measured 
No. and 4) of run-off, | inches per |-—————__ 
Im- hour Product 
pervious Columns Total 
(4), and (5) 
(1) (2) (3a) (3b) (4) (5) (6) (7) (8) 
(a2) Duration Periop, 50 Minutes 
Busi B 80 2.30 0.67 
(c) Duration Pgriop, 20 Minutes 
13.. B 75 4.3 0.97 
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Computation Table not offered good solution this problem; 
the writers merely wish leave practical sewer designers for further 
analysis. Note that the “pervious” surface Areas and (Fig. 5(a)) 
turf, and that Area (Fig. 5(b)), small areas packed soil. 

indication the effect slope run-off from sodded areas such 
lawns, number diagrams were drawn the St. Louis sprinkling 
experiments 1923 (filed with the record manuscript Engineering Socie- 
ties Library). Three runs each from Plot (5% slope) and from Plot 
(0.8% slope) are analyzed, using rainfall rates in. (adjusted), and com- 
paring run-off rates that seem prevail for some time (30 min) after 
run-off begins. 

rough comparison values Table the absence pondage, 
indicates that the run-off from good slopes may 15% greater than from 
practically flat areas. Measured run-off rates from Area (3% slope) are 
nearly two-thirds greater than from Area (0.7% slope), but the former 
also less pervious, while pondage prevalent the latter. These data 
indicate difference the water lost—that is, water not appearing 
run-off—of 11% between the 0.5% slope and the slope. 


(a) Prior B, 5% (b) Piotr C, 0.8% Siorz 
Run-Off Rate, Run-Off Rate, 
Units: Loss Units: Loss 
a! con- ate con- 

e 

2 

a 


May 9,1923 | Damp | 2.00 Aug. 31, 1923 | Damp ? 
July 26, 1923 | Dry 2.00} 1.93 | 0.57 | 20 May 12, 1923 | Dry % 1.73 | 0.77 | 31 
Aug. Wet 1.80 July 26,1923 Damp 


Within narrow limits, these values may used adjust, for slope, the 
Table for example, the city block had all the character- 
istics Area except that the slope instead 3%, the coefficient 
the pervious portion could reduced from 0.45 about 0.39. This 
should probably charged against slightly higher rate than the nominal 
run-off, allow for water spilling from yard walks lawns, condition 
equivalent increased rainfall rate the lawns. this instance, the 
revised run-off might taken 50% 39% in. compared with 
50% 45% in., reduction average run-off rate for the block 
from 1.89 1.80. course, modifications this kind cannot used too 
extensively too far from the field original figures. used for very 
flat areas, such Area allowance should made for the effect 
increased pondage. 

The effect soil characteristics run-off rates, and the probable 
frequency occurrences specific run-off rates, limits the direct value 
the presented data St. Louis conditions, where all conditions are sub- 
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stantially equivalent those one the blocks studied. The results can 
modified. however, value for other localities. 

The volumetric ratio has proved the best index the varying value 
the ratio between run-off rates and rainfall rates during the progress 
provides convenient means comparison between different 
types inlet areas (see percentile curves, Fig. has given re- 
markably uniform and consistent results when applied the sprinkling 
experiments St. Louis and Dallas, Tex. (Complete supporting data are 
filed with the record manuscript, Engineering Societies Library.) This 
ratio suggested for use adjusting run-off rates other soil types, using 
the Dallas information, which given part Fig. and Tables 
and 11, example. 


~ 220 
“ 200 3.59 in. per hr 
1.15 in. per 
‘= 120 
100 
Curve 
40 


0 20 0 20 40 60 80 100 0 10 0 10 20 0 10 0 10 2 30 40 50 60 70 80 
Run-off in Cubic Feet 


Fig, 28.—VoLuMetric Ratios oF RAINFALL TO RUN-OFF, 1931-1932; SPRINKLING 
EXPERIMENTS, City PARK, DALLAS, 11). 


(No 


Soil Ratio Soil Ratio 
dition Range Average dition Range Average 
A Bare | 0.88-0.98 0.93 A Spring | Sodded | 0.62-0.80 0.74 
A Sodded | 0.54-0.66 0.61 A Fall Sodded | 0.52-0.66 0.60 
B Bare | 0.70-0.95 0.86 B Spring | Sodded | 0.63-0.80 0.72 
B Sodded | 0.60-0.86 0.76 B Fall Sodded | 0.54-0.60 0.57 
Cc Bar 0.50-0.74 0.63 Cc Spring | Sodded | 0.82-0.95 0.89 


Plot Southern Methodist Univ.; Plot Park Plot; and, Plot Exall Park Plot. 


Plot Fig. 29, comparable with the City Park Plot Dallas, that 
the slopes are about the same and both are sodded; and direct comparison 


n- 
or 
for 240 Min. 
as T 129 140 160 | 3.96 in. per hr ; 
for 140 Min. 
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Run-Orr; City Park, Texas 
28). 


Curve Date Time Remarks 
November Dry; heavy dew good stand thick, heavy, green 
grass. 
November 9:00 A.M...| Fair and cool; light wind; damp. 
November 10, 1931....] 8:30 A.M...| Cloudy; wet. 
March 1932........ 12:30 P.M... Cloudy; warm. 
F Morals 6; 2088 Ground saturated and frozen; fair, cold, and windy, 


the soil conditions the two plots may made comparing their 
ratios between run-off and rainfall. Table seen that 
this ratio for Plot St. Louis (1923) 0.76. For the City Park Plot 
Dallas the ratio for spring rains 0.72 while for fall rains 0.57. 


Rainfall in Cubic Feet 
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EXPERIMENTS, PLot B (Soppep), St. Louis, Mo. (SLops, 5.1 Per CENT). 


Thus, the first important difference conditions the two localities becomes 
apparent; the correlation diagram, Fig. 30, shows that there marked 
difference this ratio between spring and fall rains St. Louis. 

evident that the Dallas plot representative general soil 
conditions that city, the St. Louis run-off curves, Fig. (ignoring 
frequencies, for Station (Belt and Ridge Avenues), for example), could 
modified find the probable run-off from similar blocks Dallas for 
given intensities and duration periods. winter and spring rains 
Dallas, little adjustment St. Louis ratios would necessary since 
the corresponding ratios are practically equal. For summer and. fall rains, 
rates derived from the St. data would need adjusted 
cordance with the relative losses shown the sprinkling experiments. For 
St. Louis, the water losses through surface film and absorption are given 


140 
100 
60 1.51” 20 Min. t 
I 


100 


RAINFALL AND RUN-OFF FROM URBAN AREAS 183 


per cent. For Dallas, the corresponding loss 
100 100 


per cent. The difference water loss, therefore, 19% the rain- 


fall. all other conditions are equal, except that desired alter Item 
No. Table for summer and fall soil conditions Dallas, the computation 
for the pervious portion (Table Item No. Column (4)) would involve 
the reduction the factor 45% 19, 26%, and this, again, should 
probably chargeable against Dallas intensity frequency equivalent 
the St. Louis rainfall rate in. per hr. 

this particular case, would probably advisable draw two in- 
dependent rainfall frequency curves for Dallas, one for winter and spring 
rains and one for summer and fall rains. For given design frequency, 
might that for some duration periods the spring curve would govern. 
while for other periods the fall curves might indicated. 


Part 

general, suggested that the data presented may made useful 
localities other than St. Louis, well-considered modifications four 

(a) adjustment the run-off curves Fig. the direction and 
proportion that rainfall curves the new locality may bear the 61-yr 
rainfall curve given Fig. 

(b) With regard varying percentages impervious area, suggested 
Table 

(c) For slight differences slope outlined Table 

(d) For other soil types the last paragraph. 


Somewhat better information would made available through such 


cations than has generally been the case. highly desirable that additional 
tests and repetitions these experiments conducted other localities 
the near future. 
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DISCUSSION 


the paper, giving basic data for typical storms the three areas investigated, 
provide opportunity for various instructive studies. Computed run-off 
obtained applying the run-off factor the 100% run-off rates obtained 
the unit-graph distribution the rainfall. The writer used “net rain- 
fall” and the author’s unit graphs study the same storms. “Net rainfall” 
(which, amount, equal the run-off) defined precipitation minus 
losses, which infiltration much the largest and will termed this 
discussion “infiltration loss.” 

accordance with the line reasoning advanced Horton, 
Am. Soc. infiltration rate was determined for each 
storm. The constant infiltration rates for the three storms are, Area 
rain September 1926, 0.61 in. per hr; Area rain August 27, 1921, 
1.28 in. per hr; and Area rain September 1920, 0.45 in. per hr. Sub- 
tracting these rates infiltration from the given precipitation rates minute 
minute gave net rainfall rates, which were then distributed the unit 
graph for the particular area obtain computed run-off rates. 

The rates were then compared with the observed rates 
and the differences errors obtained for each minute, from which, turn, 
were computed the probable errors. For the storm September 1926, 
Area the probable error for any one minute was 0.14 per 
compared with approximate probable error, reported in. the paper, 
0.21 per This value and others given for the authors’ method 
are only approximate, the differences between computed observed 
rates run-off were scaled from Fig. 15. The probable error for the rain 
August 27, 1921, Area was found 0.19 per sec for any 
one minute, against 9.08 per sec for the results given the paper. 
For Area and the rain September 1920, the corresponding probable 
errors were 0.21 and 0.18 per sec, respectively. 

This comparison indicates close check the degree accuracy 
ported the paper, although the run-off factor gives better results two 
cases out three. Possibly, improvements would obtained 
variable rate infiltration loss and variable run-off factor. 

According Mr. Horton,’ the infiltration capacity soil 
high when the rain begins, decreases rapidly first, and approaches stability 
within interval ranging commonly hr. this true 
constant infiltration rate might not have been reached the three storms 
studied, they lasted less than each. The writer’s studies bear out 
the theory variable infiltration rate, although they do. not show 
clearly the high rates loss the beginning the rain with ‘graduated 
decline thereafter. 


Care, A., Gen. Eng. Div., Knoxville, Tenn. 


E., Transactions, Am. National Research Council the 
Academy Science, June, 1933, 
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study the algebraic sign and variation the differences between 
computed and observed rates run-off, and trials using variable rate 
infiltration, gave the following results the three storms: The infiltration 
rate varied directly the intensity precipitation, but attempt was 
made determine the exact order its variation. The approximate 
average rate infiltration for 5-min periods for Area ranged from 
about 1.0 in. per the beginning the storm (10:13 A.M.) 0.6 in. 
per 10:40 A.M., and decreased about 0.5 in. per 11:00 A.M. 
Area the beginning rates (average for 5-min intervals) were about 
0.7 in. per hr, and these increased 1.8 in. per the end the storm, 
when high intensity rainfall occurred. Area average infiltra- 
tion rate approximately 0.4 in. per continued for practically the entire 
storm, except for the two periods high intensity, when ap- 
proached 0.5 0.8 in. per hr. 

all four peaks the three storms the use the average infiltration 
rates gave higher peak run-off rates than the observed rates, whereas the use 
the run-off factor gave computed results lower than the observed rates for 
the higher peaks and higher than the observed rates for the two lesser 
peaks. The use rate infiltration varying with precipitation, there- 
fore, would bring the computed run-off rates nearer the observed rates 
all four peaks, whereas varying run-off factor would improve two the 
computed results and add the error the other two. Accordingly, 
appears that the use variable infiltration rate based variations 
precipitation intensity would give more consistent results than the use 

Moreover, for all four peaks the computed run-off rates the average 
infiltration method were larger than those obtained the run-off factor— 
difference which inherent the two This the result 
subtracting constant amount from the minute-by-minute rainfall, thus 
increasing the percentage run-off from the higher rates, 

Having abridged copy the original manuscript available, the 
writer compared average infiltration rates for the same storm (that. 
September 1920) the three areas. The results are given Table 12. 
Column (5) shows the loss inches per hour area that 100% 


intensity 
Area area pervious 
hour Column (2) 
(1) (2) (5) 
2.63 1.06 2.12 
2.43 0.45 1.61 


pervious, under the assumption straight-line relation between area 
pervious ground and the quantity infiltration. Columns 
(3) and (5), Table 12, shows apparent variation average infiltration rate 
with intensity rainfall. 
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The authors have presented comprehensive analysis valuable 
record hydrologic data. The data and results are invaluable the 
designer sewers, and the basic data the several storms provide 
opportunity for the development and testing methods analysis rain- 
fall and run-off relations. 


thought into the science storm-sewer design, the authors have given 
interesting chronicle unusual experience hydrologic research. 
particularly interesting note the general applicability the unit-hydro- 
graph method conditions ranging from those prevailing small urban 
inlet areas only acres, with changes rate recorded rainfall 
1-min intervals, those prevailing stream basins covering several thousand 
square miles, utilizing Weather Bureau data which rainfall 
recorded 24-hr 

absence unit-time (1-min) records rainfall the studies recorded 
this paper made necessary for the authors arrive the factors fixing 
the shape and extent their unit graphs “from study the records 
few short rains fairly uniform intensities.” That their method and the 
resulting equations are successful demonstrated throughout the work and 
one the highlights the paper. The resulting unit graph, however, 
the same that presented LeRoy Sherman,’ Am. Soc. E., being 
the hydrograph 0.0167 in. run-off depth (comparable in. run-off 
depth from 24-hr rainfall), applied throughout min rainfall the rate 
in. per hr. 

The writer has suggested the “distribution graph,” which shows the pro- 
portion the run-off from any unit-time rainfall throughout the period 
run-off, expressed percentage the total run-off. The conversion the 
unit graph the distribution graph, when rainfall expressed rate 
depth per unit area, accomplished moving the decimal point two 
places the right. 

Table constitutes demonstration the general application the unit- 
hydrograph theory (on which Part the paper based), applying methods 
developed large basins the rainfall September 1920, Area 
shown Fig. 15. this case rainfall, expressed rate inches per hour, 
reduced inches depth per minute and recorded Column (2), which 
makes comparable daily rainfall. 

The unit graph for the area has been computed from Equations (1), (2), 
and (4) the paper and the values for depth have been converted into the 
percentages the distribution graph (see Column (3), Table Rainfall 
(or, with the assumption loss, the theoretical 100% run-off) dis- 
tributed throughout the period run-off applying the 1-min figures 
the distribution graph rainfall depth, shown Columns (4) (18), 
Table 13. Distributed rainfall (or 100% run-off) now accumulated hori- 


Engr., Watershed and Hydrologic Studies, S., Washington, 


from Rainfall Unit-Graph Method,” Engineering News-Record, April 


Approach Determinate Stream Flow”, Transactions, Am. Soc. Vol. 100 
D. 
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zontally, giving the results for the author’s theoretical 100% run-off graph, 
the writer’s pluviagraph (Columns (19) and (20), Table 18). The writer has 
distributed the figures computed for the unit graph beyond min, through- 
out the distribution graph, accounting for the slight differences between the 
values Column (22), Table 13, and those Fig. 15. 

the storm September 1920 (Fig. 15), reached peak its later 
stages, will used demonstrate the effect the distribution 
intensities throughout the period rainfall the 100% run-off pluvia- 
graph results. the rainfall rates are arranged order magnitude, 
thereby assuming that the storm reached peak the first minute rain- 
fall, and that was distributed previously demonstrated (see Column (21), 
Table 13), the pluviagraph peak will shift from ppm 5.17 ppm without 
any appreciable change value. can shown, however, that the most 
critical arrangement intensities that which the high intensities are 
grouped around the minute that marks the peak the distribution graph, 
which is, for the example given, the 6th minute rainfall. Thus, arrang- 
ing rainfall and distributing previously explained (Column (22), 
Table the pluviagraph peak shifts 5.21 ppm and gives result 
greater than that developed the storm itself. 


The rate ratio, mentioned connection with Fig. the 
paper, has been termed the “retention coefficient”, the writer his recent 
but which should more properly called the “storm, flood, 
coefficient.” 

Under the heading “Suggestions for Application Sewer Design,” the 
authors place conservative limits upon the immediate use their work 
actual design, holding forth the hope that future research will make pos- 
sible give proper values such factors and for 
they are combined the typical city block. sewer design usually based 
estimate the effect future growth surface conditions, these 
factors, doubt, can classified and standardized, the now widely used 
imperviousness” and the coefficient, the rational method. 

The unit-hydrograph method has other advantages than those demonstrated 
this paper. Assume, for example, that the means are hand produce 
acceptable values for the factors, and urban drainage area con- 
sisting four inlet areas acres each. All are assumed alike 
character, and, therefore, all have the same unit and distribution graphs. 
Other conditions are, follows: The frequency met design is, once 
yr; inlets are spaced intervals along proposed sewer 
cular section, beginning with Inlet No. the slope ratio the sewer gradient 
0.002; Kutter’s 0.013; and, the 10-yr rainfall intensity equation for 
the locality is, 


Approach Determinate Stream Flow”, Transactions, Am. Vol. 100 
(1935), 358. 


‘ 
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synthetic storm developed computing average rainfall rates for the 
duration periods from Equation (6). These rates have been reduced 
average rate throughout any minute, and are the minute differences 
the product and representing typical deviations from the averages 
defined the intensity equation. Sound design demands the assumption 
limiting conditions, and, therefore, rainfall arranged critical order (see 
Column (2), Table 14). recognized that this special arrangement rain- 
fall intensities tends modify the conception the storm having 10-yr 
frequency. 

Retardation, through surface pondage, reflected and accounted for the 
distribution graph the area, leaving the principal direct loss, particularly 
for rainfalls short duration, that infiltration, which well 
expressed deduction, suggested Robert Horton, Am. Soe. 
The problem here considered assumes average infiltration loss 
0.50 in. per (Column Table The average rainfall excess, that 
portion which appears run-off, given Column (4). 

The distribution graph for any one the inlet areas given Column 
(5), Table developed large basins, this graph represents the flow 
created surface run-off from any rainfall, confined unit-time interval, 
proportioned throughout the period run-off, and expressed percentage 
the total flow. The peak such flood not created the coincidental 
arrival waters from all parts the basin, but the arrival flood 
wave, which has received its impetus and developed and built direct 
run-off and lateral stream flow contributing throughout the combined length 
the principal channels. Consistent similarity shape and dimension 
distribution graphs for particular basin would indicate that the phenomenon 
practically the same manner for all unit-time storm periods. This 


‘suggests that grouping certain area units may assumed, which, because 


their position relative the collection system, can conceived being 
enveloped time contour representing period the end which the 
group has contributed its collective effect the creation and acceleration 
the flood wave. Under this assumption the distribution graph can applied 
the area the basin, giving its “area distribution graph,” acres 
(Column (6), Table 14). The conversion the distribution graph (per- 


centage volume flow) the area distribution graph (percentage 


way affects the computed results; that is, the computed results are the 
same there had been resort this assumption. 

The application the area distribution graph rainfall excess (in inches 
per hour cubic feet per second per acre) distributes each minute such 
rainfall excess throughout the period run-off, cubic feet per second. The 
horizontal accumulation these 1-min increments run-off produces the 
total run-off from the area any minute, measured the inlet (Column (24), 
Table 14). 

the rainfall considered uniform over the entire area acres, 
and each inlet area contributing the flow the sewer, the flow, 


Role Infiltration the Hydrologic Cycle,” Transactions, National Research 
Council, 1933, 450. 
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ag per per hour 
4.25 0.50 3.75 2 0.20 0.66 10.861 
4.88 0.50 4.38 3 0.30 | 0.99 | 0.75 | 0.4 
4.. 5.57 0.50 5.07 5 0.50 = | 1.65 | 1.13 | 0.88 | 0.51 Sea E ecaa ul 
S:. 6.43 0.50 5.93 10 1.00 3g 3.30 | 1.88 | 1.31 | 1.02 | 0.59] .... 
6. 7.58 0.50 7.08 17 1.70 t | 5.61 | 3.75 | 2.19 | 1.52 | 1.19 | 0.71 0. 
Tie 6.99 0.50 6.49 14 1.40 % | 4.62 | 6.38 | 4.38 | 2.54 | 1.78 | 1.42 
8.. 5.93 0.50 5.43 11 1.10 g 3.63 | 5.25 | 7.45 | 5.07 | 2.97 | 2.13 i) 
9. ...:: §.38 0.50 4.62 9 0.90 m@ | 2.97 | 4.13 | 6.14 | 8.62 | 5.93 | 3.54 | 
10....) 4.45 0.50 3.95 7 0.70 2.31 | 3.38 | 4.82 | 7.10 {10.08 | 7.08 4 
it Pe 4.00 0.50 3.50 6 0.60 1.98 | 2.63 | 3.04 | 5.58 | 8.31 {12.04 
12, 3.50 0.50 3.00 5 0.50 1.65 | 2.25 | 3.17 | 4.56 | 6.53 | 9.92 
13. 3.30 0.50 2.80 4 0.40 1.32 | 1.88 | 2.62 | 3.55 | 5.33 | 7.79 7 
14, 3.20 0.50 2.70 3 “| 0.30 0.99 | 1.50 | 2.18 | 3.04 | 4.15 | 6.37 
15. 3.00 0.50 2.50 2 0.20 0.66 | 1.13 | 1.75 | 2.53 | 3.56 | 4.95 
W250i BO 0.50 2.20 ; oes 0.38 | 0.88 | 1.52 | 2.37 | 3.54 
Run-off 
Cusic Fret per Seconp — (Continued) in cubic 
eet per 
10....] 3.25 | 1.63 | 0.92 | 0.40] .... 40.97 
11....| 6.49 | 2.71 | 1.39 | 0.79 | 0.35 46.21 
13....] 9.09 | 9.24 | 4.62 | 1.98 | 1.05 | 0.60 | 0.28 | ..... | ..... 49.35 
15....| 5.84 | 5.97 | 6.47 | 6.72 | 3.50 | 1.50 | 0.84] 0.56) 0.25] ..... ]..... 46.23 
16....| 4.54 | 4.88 | 5.08 | 5.53 | 5.95 | 3.00 3 8 Seer 43.55 
17....] 3.90 | 3.80 | 4.16 | 4.35'| 4.90 | 5.10 0.46 0.22 40.48 


combines, will determine capacity. This synchronization accomplished 
determining the time taken the run-off waters, they combine, passing 
through the various stretches the sewer. particularly satisfactory expres- 
sion for average velocity terms the factors determinable such prob- 
lem that presented Gregory and Arnold,” Associate Members, 
Am. Soe. 

The sewer system the problem begins with Inlet No. Inlets Nos. 
and contributing 1000-ft intervals progressing down the sewer. The 
purpose Table show how the flow from Inlets Nos. and may 
combined with that Inlet No. the flow from Inlets Nos. and (Columns 
(2) and having been combined the same manner. Column (4) gives 
the combined flow from Inlets Nos. and such flow enters the stretch 
between Inlet No. and Inlet No. The average velocity, cubic feet per 


Run-Off Formulas,” Transactions, Am. Soc. Vol. 
(1932), Equation (50), 1094. 


BERNARD RAINFALL AND RUN-OFF FROM URBAN AREAS 191 


second, computed Equation (2), shown Column (5) and converted 
velocity, feet per minute, Column (6), from which the time transit 
through the stretch determined and listed Column (7). Column (8) 
gives the period from the beginning the rainfall that minute which 
the increment flow enters the stretch, which, added the time transit 
through the stretch (Column (7)), determines the time arrival Inlet 
No. 

the meantime Inlet No. has been discharging into the sewer. For 
instance, the end min this inlet will have passed its peak discharge 
49.35 per sec and will discharging the rate 31.66 per 
sec, while Inlet No. will delivering 40.48 per sec and Inlet No. 
49.35 per sec the same point the sewer. 


(2) (3) (4) (5) (7) (10) (12) (13) (14) (15) 
1 0.33 | .. 0.33 | 0.88 | 77 | 13.0 1 | 14.0 | 4.17 weo Bes 0.33 
2 3 1.04 | 1.80 |108 9.3 2] 11.3 | 8.10 sows 1.04 
4.17 | 2.56 |154 6.5 4 10.5 |21.77 0.33 .. oe 4.50 
5 8.10 | 0.33 | 8.43 | 3.07 |184 5.4 5 | 10.4 |28.34 3.06. os. éWe 9.14 
6 |14.97 | 1.04 |16.01 | 3.61 |217 4.6 6 | 10.6 (34.83 2.18 | .. ees | 17.15 
7 #1|21.77.| 2.18 |23.95 | 3.97 |238 4.2 7 | 11.7 (40.97 4.17 | 0.33 26.27 
8 |28.34 | 4.17 [32.51 | 4.29 |258 3.9 8 | 11.9 /46.21 8.10 | 1.04 Pe 
9 |34.83 | 8.10 |42.93 | 4.60 |276 3.6 9 | 12.6 |49.04 14.97 | 2.18 -- | 51.98 
10 |40.97 |14.97 |55.94 | 4.91 |295 3.4] 10 | 13.4 |49.35 21.77 | 4.17 eos 
11 /46.21 [21.77 (67.98 | 5.16 |311 3.2] 11 | 14.2 |48.26 28.34 | 8.10 | 0.33 | 82.98 
12 /49.04 |28.34 (77.38 | 5.34 [321 3.1 | 12 | 15.1 |46.23 34.83 |14.97 | 1.04 | 99.88 
13 |49.35 [34.83 [84.18 | 5.45 |327 3.14) 13 | 16.1 [43.55 40.$7 |21.77 | 2.18 |114.27 
14 /48.26 |40.S7 |89.23 | 5.54 |333 3.0 | 14 | 17.0 |40.48 46.21 |28.34 | 4.17 {126.98 
15 |46.23 |46.21 [92.44 | 5.59 [336 3.0} 15 | 18.0 |37.47 49.04 (34.83 | 8.10 /138.20 
16 43.55 |49.04 [92.59 | 5.59 [336 3.0 | 16 | 19.0 |35.54 49.35 |40.97 |14.97 |148.84 
17 |40.48 /49.35 |89.83 | 5.52 |331 3.0} 17 | 20.0 [31.66 48.26 |46.21 |21.77 |156.72 
18 |37.47 |48.26 [85.73 | 5.45 |327 3.1 18 | 21.1 [28.91 46.23 |49.04 |28.34 |161.08 
19 (35.54 |46.23 |81.77 | 5.41 |325 3.1 | 19 | 22.1 |26.47 43.55 |49.35 |34.83 |163.27 
20 |31.66 |43.55 |75.21 | 5.27 |316 3.2.| 20 | 23.2 |24.37 40.48 |48.26 |40.97 |161.37 


If, then, the hydrograph flow from Inlet No. adjusted this position 
relative Inlets Nos. and (Column (10), Table 15), the total flow, minute 
minute, through the stretch between Inlets Nos. and becomes available. 
Columns (11) (15), Table 15, show the arrangement computations for 
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the synchronized flow from the four inlets entering the stretch below Inlet 
No. 

attempt has been made take into account the changes flow volume 
within 1-min intervals throughout the period flow adjustment, involving the 
first and last min. The synchronization, therefore, less accurate for 
the extremes flow, but agreement the minute for the period 
between the 12th and 30th minutes (not all included the published table), 

continue the premise that fixed time intervals divide the drainage 
area into zones like contributing characteristics, the area distribution 
graphs the four inlets can combined the foregoing analysis has shown 
their flows combine. The complete computation, which Table 
example, showed that the flow from Inlet No. enters the stretch the first 
minute; that from Inlet No. reaches the stretch min later; that from 
Inlet No. the end min, min later than that Inlet No. and 
the flow from Inlet No. min later than that Inlet No. 

Table gives the sub-area combinations for each minute throughout the 
duration run-off, producing area distribution graph for the entire 
acres (see Column (6)), applicable the point design below Inlet No. 
This area distribution graph now applied the rainfall excess produced 
the 10-yr the problem the same manner that suggested deter- 
mining the run-off the various inlets. The distribution and accumulation 
are made the same manner for the inlet. The result the total run-off 
from the area, minute minute, reaches the point design, and 
found the same those Column (15), Table 15, any slight differences 
being due the adjustment position between the four area distribution 
graphs the nearest minute. 


Elapsed Inlet | (nlet | Inlet | Inlet iI 
(2) (3) (4) (5) (6) (6) 
0.10 ose. 0.10 2.50 
ctoate -90 | 1.70 | 0.30 «++ | 2.90 0.60 
| 0.70 | 1.40 | 0.50 coe | cae 0.40 
Bh one ent 0.60 | 1.10 | 1.00 | 0.10 | 2.80 0.30 
SRY 0.50 | 0.90 | 1.70 | 0.20 | 3.30 0.20 
Becetest 0.40 | 0.70 | 1.40 | 0.30 | 2.80 0.10 
40.00 


The advantages having any point under design area distribution 
are obvious. With various rainfall frequencies, rainfall intensities, 
infiltration rates, and run-off coefficients can compared terms sewer 
dimension and cost. Another advantage the hydrograph flow, made 
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available the unit hydrograph, over maximum only, determined 
other methods, lies the ability evaluate the effect converting the 
several maxima the hydrograph from sewer capacity temporary back- 
water areas the inlets. where the conditions produce dis- 
tribution graphs, area distribution graphs, and hydrographs flow rela- 
tively short base and high peak, may this advantage become factor econo- 
mical design. 

possible, through the unit hydrograph, analyze and correct what 
may misconceptions the “rational” method, method which has enjoyed 
wide use the field storm-sewer design and the development which 
the authors have contributed extensively. The method has back ground 
rationality that entirely lacking many the older empirical formulas. 
Briefly, its theory that particular average rainfall intensity (of given 
frequency) becomes the critical one for drainage area when sustained 
throughout period equal the time concentration for the area. The time 
concentration usually defined that time necessary for the run-off from 
the “remote” portion the area reach the point concentration. further 
explanation the theory that even though higher rates will reached for 
shorter “concentration” periods, run-off from them will less than that from 
the critical intensity, because the dissipating effect surface pondage, 
together with the assumption that the rain will have stopped decreased 
intensity before the end each concentration period that the areas imme- 
diately adjacent the outlet will have had time relieve themselves 
their run-off waters before the “remote” waters reach that point. Likewise, 
rainfalls longer duration than the concentration period will less effective, 
having lower average rates. 

the average rainfall intensities given Equation (2), which are appli- 
St. Louis, Mo., are distributed with the distribution graph reduced 
from the authors’ unit graph for Area and each duration period con- 
sidered independent rainfall, synthetic storm, will found that, 
regardless the coefficient deductive factor used reduce the theoretical 
100% run-off the actual run-off, average rates rainfall for shorter periods 
than the period established the base the distribution graph, will 
potential run-off greater than that produced the critical intensity. 

The hypothetical problem used the foregoing demonstration the unit 
hydrograph method will here solved the rational method. The “inlet 
time” will first taken equal the base the distribution graph for 
the upper inlet, which min. acceptable methods, the time transit 
through the proposed sewer found min, giving time concen- 
tration min. From the rainfall-intensity formula, Equation (2), the 
corresponding critical intensity 3.64 in. per computed. The coefficient, 
3.64 125.70 per sec, producing maximum flow which 23% 
less than that developed the unit hydrograph (Column (15), Table 15). 
Under the prevailing conception concentration time, then, the rational 
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method may give results that are too low, but the practical significance 
lost the wide range values which have been given the coefficient, 

The foregoing conclusion, however, predicated the definition con- 
centration time being equal the base the unit hydrograph Inlet 
No. plus time transit, thus assuming that the “remote” area the upper 
inlet the last contribute run-off the point concentration. The writer 
has found that, apparently, the unit hydrograph and rational methods may 
brought into accord defining concentration time being equal the 
time interval between the center mass rainfall and the flood peak the 
“lag” interval, the time position the maximum ordinate the unit 
hydrograph, plus any time transit involved reaching the point con- 
centration, and converting average rainfall rates into average rate through- 
out any minute, arranged critical order. 

Following are the results applying the rational method, modified, 
the Inlet No. area, shown Table 14: Concentration time min 
(Column (5)); average first min rainfall 5.42 in. per (Column 
(2)); coefficient, 0.91; and (see Column (24) Table 14); 

The concentration time for the point design below Inlet No. deter- 
mined adding the ‘inlet time,” concentration time for Inlet No. 
the time transit through the sewer. The maximum discharge, determined 
the rational method, follows: The inlet time min; time 
transit min(see Table 15); concentration time min; average rain- 


fall intensity for min 4.55 in. per hr; coefficient, 40.3 0.89; and, 


0.89 4.55 162.20 per sec (see Column (15) Table 15). 

has been customary estimate inlet time min, results from 
the rational method have probably not been greatly affected the apparent 
revealed the foregoing comparison; rather has the analysis 
upheld the rational method quick and reliable means estimating maxi- 
flow storm sewers. 


LeRoy Am. Soc. (by letter)—An important 
analysis the rainfall-run-off relation urban areas presented this 
paper, which step beyond the usual procedure based the assumption 
uniform rate rainfall during the storm period. Recently, the writer 
examined the rainfall and stream-flow records, due forty storms, 
combined sewer area 4000 acres, the Rock Creek Basin the District 
Columbia. .The records were from self-recording gauges. all these 
storm hydrographs the effect varying intensity rainfall 
pronounced peak, spite the fact that storm durations generally exceeded 
the concentration period. This indicates that the assumption uniform 
rate rainfall not accord with Nature’s procedure and that, for certain 
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areas, may not satisfactory. application the unit hydrograph, 
the authors give procedure which utilizes the actual varying intensity the 
rainfall. 

forecasting run-off from rainfall data the unit hydrograph (or 
any other method formula), the chief problem determine the factor 
expressing loss run-off due infiltration soil capacity. With few 
exceptions, Fig. indicates close agreement between observed and com- 
puted rates run-off. The authors used the factor average percentage 
run-off applied the 100% run-off graph. 

Fig. suggested the application the storage equation develop 
apply the factor infiltration loss. The storage equation is: 


Inflow Volume Outflow Storage.............(7) 


which may expressed: 


Rainfall Run-Off Infiltration Storage 


There are two unknown quantities Equation (8). However, channel-storage 
depth related run-off rates and, likewise, storage depth plane 
surface related run-off rates. For the latter case the storage depth, 
the same the hydraulic radius, Therefore, the discharge rate is, 


which the 100% run-off rate; the storage depth corresponding 
any given run-off rate; and storage depth corresponding 
With the flow, there infiltration loss. Therefore, Equation (7) 
can applied the data Fig. and may determined for any 
rate The ordinate between the lines for accumulated rain and accumu- 
lated 100% run-off gives the depth storage, any time from the 
beginning the storm. Values can now computed Equation (9). 
The values can plotted for any given time Fig. 16. These values will 
line above, and somewhat parallel to, the line accumulated 100% 
run-off. The ordinates between this line for and the line for accumulated 
actual run-off give, Equation (8), the accumulated loss any given time. 
The writer has applied the foregoing procedure for determining rate 
loss per hour, infiltration capacity, the examples Fig. 15. obtained 
results good, but better, than the authors except the case the 
peak Area (Fig. The writer also applied this storage equation 
procedure hypothetical case wherein assumed the rates rainfall 
and loss, inches, shown Table 17. For comparison, the computed 
losses are also shown. Evidently, the procedure indicated Table did 
not offer any improvement over the use the authors’ application average 
percentage run-off. 
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Recently, the writer received paper” Robert Horton, Am. 
E., who makes successful use the storage equation the 
relation taking cognizance factors which the writer has neglected 
this discussion. 

the present time the writer has secured the best results with the unit 
hydrograph method applying the percentage run-off directly rainfall 
without the use the intervening 100%-run-off graph 


Versus 


Rain, Loss, Computed 

depth depth depth 
1.60 1.69 


This paper represents considerable careful work. The authors have 
presented valuable data and study applicable problems storm-sewer design 
and the science hydrology. Parts the complete paper, filed 
Engineering Societies Library, New York, Y., are fully important 
the subject-matter submitted the printed part. The writer refers par- 
ticularly the author’s experiments rates infiltration during con- 
tinuous rains. 


(by discussions Messrs. Snyder and Sherman develop 
the possibilities alternate study the rainfall-run-off relation terms 
losses. Part the paper, the writers made fairly exhaustive effort 
determine the relationship ratio. They found the ratios, percentage 
values, vary over wide range and, for large part the data, were unable 
allocate, satisfactorily, the variation other hydrologic factors. was 
shown Fig. 18, all these ratios, whether taken between various summation 
values, between values for particular periods (as for min), 
between peak rates, resulted percentile curves about the same slope. 
Each the discussers has emphasized the point that the percentage factor 
must necessarily varying one. This condition which well 
recognized hydrologists, course. Sewer designers have adhered the 
use factor and the formula the rational method, how- 
ever, because its simplicity application, and for the reason that the 
dearth real basic information run-off from urban areas appeared make 
further refinement method unjustifiable. 


Runoff Phenomena,” Robert Horton, Publication 101, Horton 
Laboratory, February 1935, Edmonds Bros., Inc., Ann Arbor, Mich., 
ublisher. 


Cons. Engr., St. Louis, Mo. 
Engr., formerly with Sewer Design Dept., City St. Louis, St. Louis, Mo. 
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The writers are impressed the sample demonstration offered Mr. 
Snyder, well the reasonableness Mr. Sherman’s presentation. 
entirely possible that alternate analysis all the information used 

the writers, involving the infiltration losses determined Mr. Snyder, 
and the further evaluation storage discussed Mr. Sherman, might 
fall result set relatively consistent values having definite relationship 
such basic characteristics slope, shape area, and character surface 


coverage. Some the relationships would probably the same general 
order those suggested Mr. Bernard another paper.” 

The writers agree with Mr. Snyder that constant infiltration rate could 
not used satisfactorily for rains less than duration. desirable 
approach such study, accordingly, would along the lines determin- 
ing infiltration capacities for each the particular areas (which capacities 
might expected vary seasonal basis), and also the probable rate 
reduction infiltration within the first hour two the storm. 
would necessary, however, determine the proportionate part the 
precipitation going into (temporary) surface storage during the rise 

the hydrograph. This also determinable, possibly, from the same data. 
The recent studies Robert Horton, Am. Soc. E., referred 
Mr. Sherman,” using part the data presented this paper (privately 
published and, unfortunately, not available this discussion) seem also 


indicate that satisfactory basic data this type could derived from the 
information originally analyzed the writers. such analysis was 
found produce reasonable values infiltration and storage, some develop- 
ment Mr. Sherman’s Equation (8) might substituted for the rational 
formula sewer design. 
Illustrative how analysis basic rainfall and run-off data, such 
are supplied the St. Louis records, might throw some light upon the varia- 
lop tion infiltration rate and temporary storage detention, the data for 
three storms Area are presented Figs. 31, 32, and 33, together with 


detailed analysis the various curves derived from the basic data various 
methods. Fig. gives the data for the storm July 23, 1931, which was 


chosen for its short duration and unusually uniform rate precipitation. 
Fig. follows the method suggested Mr. Horton and referred 
Messrs Snyder and Sherman. The basic data rainfall and run-off are 

represented the and the Q-curve, respectively. For simplicity, 
infiltration assumed constant rate and the mass infiltration curve 
straight line through the origin the beginning rainfall and with 
final ordinate the end run-off equal the difference between total 
rainfall and total run-off. (The value “infiltration” thus determined, 
error that includes permanent retention and other losses.) The mass 
net rainfall curve obtained subtracting the ordinates the mass infiltra- 

tion curve from corresponding ordinates the mass rainfall, 
The intercept given time ordinate between the net rainfall curve and the 
mass run-off curve represents the depth surface detention, including both 


Approach Determinate Stream Am. Soc. E., Vol. 100 
(1985), 358. 
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sheet and channel storage, which, pointed out Mr. Sherman, bears 
direct relation the rate run-off. 

further consideration, the writers find that this rather unsatisfactory 
approach may avoided entirely, and the desired item mass loss and 
detention may determined directly from mass curves based the unit 
graph, originally presented Fig. the paper. 

Fig. illustrates the method obtaining the depth surface deten- 
tion the application the unit graph formulas the same data, 
this case, the mass 100% run-off, obtained applying 
the unit graph formulas the rainfall data. The surface detention then 
determined the intercept the time ordinates between the and 
the 
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The surface detention curves determined the two methods show 
remarkable similarity essential features despite the radical difference 
the methods, which indicates that the unit graph formulas developed the 
writers may close approximations the true values. Such being the case, 
the procedure may extended determine the probable variation the 
value the rate water loss (of which infiltration forms the greater part) 
during the progress storm. The accumulated water loss represented 
the mass loss curve, Fig. determined the intercepts the time 
ordinates between the and the 

first glance, the comparatively low rate water loss during the early 
minutes the storm may seem surprising, but further study shows that this 
quite reasonable when considered that the area question com- 
posed both pervious and impervious surfaces and that the first water 
reach the inlet (and, fact, the only water reach for some time) 
that which has fallen upon the adjacent paved streets, which are highly 
impervious surfaces. Naturally, then, the loss low. the pervious areas 
(in this case mostly sodded), begin contribute water the inlet, the per- 
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loss becomes higher and the curve becomes steeper, and, for 
considerable period (almost min), the rate loss constant. This loss 
may well represent the average rate for the entire area, pervious and imper- 
Soon after the cessation rainfall, the rate begins decline, 
which indicates that the run-off now consists mainly gutter flow, which 
case, again, the loss would naturally low due the impervious surface 
which the water flowing. seems reasonable infer that straight 


| | Mass Run-off (= 


| 2 


Depth in inches 


Sec per Acre 


Time 


line representing constant infiltration (such Fig. 31(b)) would only 
apply areas where the entire surface was the same degree permeability. 

Fig. gives the basic data and derived curves for the storm September 
15, 1914, which may described “average rain” (Fig. 38, introduced 
subsequently, shows the rainfall pattern). 

The loss curve this case shows the same general characteristics the 
one shown Fig. the minor differences being explained the dif- 
ferent rainfall pattern. There again the low initial loss and the high rate 
loss during the period high precipitation, when the pervious areas are 
contribyting their full quota water. After the period heavy rainfall 
the gutter flow, which includes much the water falling during the heavy 
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rainfall period, tends reduce the average rate loss, and, the rate 
rainfall becomes less and less toward the end the storm, the rate 
declines due the predominance gutter flow. 


2.0 


Mass 100% Run-off 


Depth in Inches 


(Measured) 


.M. Time 


Fig. shows the same analysis applied the data for the storm June 
19, 1928, which there were two periods heavy rainfall about hour 
apart, with continuous but very light precipitation between them. 
again, found the same variation the rate loss, which susceptible 
the same explanation given the foregoing analysis. the beginning 
the second period heavy rainfall, the variation follows the same general 
pattern Fig. 32. The sharp rise thereafter due the fact that the 
pervious areas are again contributing large share the water appearing 
run-off, whereas during the lull between the storms the impervious areas 
were contributing most the water due the fact that the infiltration rate 
the pervious area was nearly quite great the rate precipitation. 

the three storms (Figs. 31, 32, and 33), the close relation between the 
depth surface detention and the rate run-off obvious. Fig. shows 
attempt arrive the mathematical correlation between these two 
factors plotting the values for depth surface detention for several 
peaks, the aforementioned storms and two others, against corresponding 
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© Sept. 15, 1914 
© Aug. 27, 1921 
+ June 19, 1928 
x July 23, 1931 
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run-off peaks the same storms. The results are from small number 
storms, and both pervious and impervious areas are represented vary- 


ing proportions different peaks. However, the general trend the 
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plotted points tends agree with the equation given Mr. Sherman; 

unfortunate its bearing Mr. Bernard’s demonstration, that 
has not been possible produce any considerable number the sewer gaug- 
ings for the larger drainage areas the Clarendon District, this would 
have made possible clearer appreciation the manner which run-off rates 
from individual city blocks are translated into rates applicable the larger 
sewers. indication the possibilites, the results for one particular 
rain are given herewith. 
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Fig. plat the Clarendon District, showing the location and sizes 
the main sewers (the grades which vary from one-third two-thirds 
1%), the location the principal pressure gauges the main sewers 
number, and the drainage area tributary each. The location the three 
tipping-bucket rain-gauges (marked and also shown this plat, 
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well the location the two city blocks from which the data for the 
original paper were collected. 

Fig. shows the rain record July 10, 1920, three rain-gauges, 
showing the wide variation pattern possible even within 600-acre district. 
This particular rain also showed definite tendency progress the drain- 
age area. Fig. shows the interpolated rain diagram applicable the 
centers the drainage areas above each group sewer gauges, and, this 
same diagram, have been plotted the hydrographs sewer flow for each gauge 
the group. For comparison, the average rainfall rate for the approximate 
critical time min shown Fig. (a) and Fig. (b) and the average 
rate for min shown Fig. 87(c). Comparing these rain values with 
Fig. 23, would appear that this rain would have frequency about yr. 

The higher run-off rates, feet per second per acre, Fig. (c) 
may explained part the longer and more compact rain diagram, and, 
part, the considerable width the drainage basin its lower sections. 
The lower rates, averaging 0.75 per sec per acre for the upper groups 
gauges Fig. 37(a) and Fig. (b), give good example the effect 
surface detention run-off rates short rains. 

Comparing the rates the three groups gauges with the expected 
run-off rate from single city blocks, given Fig. the paper, 
seen that the run-off 0.75 per see per acre less than one-half 
the expected rate for 20-min storm 1}-yr frequency for Area and 
about 70% the corresponding value for Area rough comparison would 
seem indicate that, for composite area which the Area type city 
block predominant, the run-off rate the sewer 50% the expected 
run-off the single city block. For the lower gauges, shown Fig. (c), 
would appear that the sewer-flow rate might much 75% that from 
average city block. expected that full analysis this work will 
provide some excellent factors for use the type developed 
Mr. Bernard. 

Throughout this entire study, apparent that the simplest method 
expressing the relation between rainfall and run-off the volumetric 
ratio between the accumulated run-off and the accumulated rainfall. When 
this ratio derived comparing the accumulated run-off for given time 
with the accumulated rainfall for time earlier the amount the mean 
lag, for the location question, may applied quite simply approximate 
solutions storm-flow problems. Figs. and show the results this 
method applied the rain September 15, 1914, Area 

The relation between the two factors seems remarkably constant 
many the storms that have been investigated, and there reason believe 
that, had the synchronism between the rainfall and run-off records been more 
reliable, this constant relation would have been more general. Fig. shows 
how, multiplying the rate rainfall for each minute the average ratio 
(0.54), derived from Fig. 39, and plotting the result min later, graph 
constructed which, its peak values, and general configuration, closely 
approximates the measured run-off curve. This suggests simple method for 
predicting the (approximate) probable run-off from given rainfall when 
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the mean run-off factor and the lag are known for the location question. 
Unfortunately, the run-off factor varies over wide limits from one storm 
another, shown Fig. the paper. 


54% of Rainfall Rate 
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Rainfall and Run-off Rates in inches per Hour 


Little can added what Mr. Bernard has seid about extending the unit 
graph method large urban areas, except commend the very constructive 
work has done toward enlarging the scope the data submitted the 
paper and making more useful the sewer designer. 
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Synopsis 


All the basic data that the writer could secure the silting reservoirs, 
where actual capacity surveys have been made determine the extent 
silting, are contained this paper. Remedial measures for silt elimina- 
tion are presented and discussed. table contains brief all data 
the silt transported the streams the world. The physical laws 
silt transportation are outlined, with pertinent discussion. The control silt 
canals, reservoirs, and water-sheds then considered. The paper 
closes with data and discussion the origin silt. 

The original paper, containing additional data and more extended dis- 
cussion, file Engineering Societies Library, West 39th Street, 
New York, 


STATEMENT THE PROBLEM 


The word, “silt”, used this paper, includes its definition all 
material transported flowing water whether carried suspension 
transported bottom load. Silt originates from the disintegration rocks 
the agencies rain, wind, and frost, and chemical agencies 
water and air. The effect such disintegration evidenced the 
wearing down mountains, the gullying their slopes, the filling 
valleys, the extension deltas into seas—in brief, the leveling mountain 
ranges into plains. 


its existence the Special Committee Irrigation Hydraulics selected 
the subject Silt Problem” one ten for study and research. This paper was 
submitted the Committee its author, and the Committee has recommended its 
the Society. Published October, 1934, Proceedings. 


Hydr. Engr. (Stevens Koon), Portland, Ore. 
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Geological history marked succession sedimentations and up- 
lifts, which varying climates, water supplies, vegetation, glaciation, and 
voleanism have played and are playing all-important parts. The 
disintegration, erosion, transportation, sedimentation, mountain build- 
ing, and plain leveling are still progress and are effectual ever. 
Existing topography complex residual these processes which un- 
numbered eons have contributed its present configuration. 

Man can not hope halt the processes mountain erosion and plain 
building. The land cultivates could not exist except for these forces. 
must expect that rains will gully fields, cover them with mountain 
débris, and that the streams will continue carry sediments that will fill 
the canals and reservoirs. 

Man’s problem lies utilizing the agencies sedimentation 
advantage where possible and opposing the nullification his endeavors 
controlling them through whatever forces lie his command. 


The construction large storage reservoirs some the silt-laden 
streams the West has focused attention the part sedimentation will 
play the future history Western civilization. 

empire exists below the storage reservoir that has been created 
the Elephant Butte Dam, the Rio Grande, New Mexico. The land 
phenomenally productive. This region embraces substantial unit 
civilization the very existence which hangs upon the integrity 
storage reservoir impound and deliver the water vitally necessary 
life. 

The reservoir created Elephant Butte Dam slowly being deprived 
its ability store water. Silt being deposited average rate 
20000 acre-ft per yr. Its original capacity will depleted two 
three generations that the civilization now dependent upon will have 
seek other sources water supply and storage. 

Fortunately, sites are available where other reservoirs may con- 
structed; and, after these are gone, others will doubtless found. Further- 
more, the present dam could raised increase its storage capacity; 
but what the ultimate future, when all available storage sites have been 
exhausted? Must those now fertile areas revert, ultimately, the sage-brush 
and the cactus? Will sedimentation, that made possible this vibrant civil- 
ization, ultimately sound its death knell? long can this episode 
the annals civilization continue and what can Man prolong its 
existence 

The Boulder Dam, the Colorado River, will create the largest storage 
reservoir the world. Upon will depend not only the security the 
entire Imperial Valley against damages from floods, and the irrigation 
millions acres land, but also the domestic and irrigation supply for 
the metropolitan district Southern California. The ability furnish 
power the people seven States also hinges upon its functioning. Unless 
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remedial measures are adopted, this reservoir will become virtually 
reason silt deposits, before the passing the fifth generation. 

Fortunately, the Rio Grande, number other storage sites are 
available the Colorado River. Ultimately, however, within some definite 
number generations, the fact must faced that all these reservoirs will 
have become useless for storage purposes. The dependent peoples must then 
reduced those that can subsist the areas which the unconserved flow 
the river will irrigate. 

not the writer’s intention paint dark picture, but rather 
stimulate more intensive study and intelligent research that will 
ultimately effect practical solution this problem. The menace exists; 
real; and unless something constructive can evolved, civilization 
these regions must eventually decline. unfair sit smugly complacent 
and pass this problem flippantly future generations. The engineer 
should equal the task finding solution, but will take many years 
experimentation and study, and should the task, amply financed. 

The results the sedimentation reservoirs for which the extent 
depositions have been determined actual surveys, are given Table 
order make the data comparable, capacities and silt deposits have 
been referred the controlled spillway level. some reservoirs the silts 
deposited above this level may considerable part the total, but this does 
not rob the reservoir storage capacity. The following supplementary data 
pertaining Table are offered. 

Boulder Reservoir (Under the total capacity 
this reservoir, 500 000 acre-ft. will reserved for flood protection, 000 000 
for silt, and 14.000 000 for irrigation. The maximum recorded discharge was 
210 000 per sec June and 19, 1921. The maximum known flood oc- 
1884, for which the discharge was between 250000 and 300 000 
per sec The spillway capacity 400 000 per exclusive 
outlets for power and irrigation. 

Elephant Butte Reservoir—Capacity surveys for silt deposits this reser- 
voir were made 1916, 1920, and 1925, with the results shown Table 2(a). 
The maximum recorded mean daily discharge entering the reservoir area was 
000 per sec October 11, 1904. The overflow spillway capacity 
per sec. addition, there are four regulating gates with 
combined capacity much more. 

Roosevelt Reservoir Junction Salt River and Tonto Creek.—This 
reservoir miles northeast Phoenix, Ariz. Capacity surveys for silt 
content have been made shown Table 2(b). The maximum recorded 
inflow was per January 19, 1916. The spillway capacity 

Keokuk Reservoir, Keokuk, Iowa—The Keokuk Reservoir was com- 
pleted 1913. extends miles stream from the dam, and has 
surface area 25200 acres and capacity, Elevation 518, 370300 
acre-ft based survey made 1891. The maximum recorded inflow 


Figures parentheses refer numbered articles the Bibliography (Appendix). 
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TABLE 2.—Capaciry Surveys ror 
(Computations Carried Three Significant Figures) 


acre-feet 


(a) Evepsant Boutre Reservorr 


400 
000 


900 
900 


178 000 


9.0 000 000 000 340 000 2.2 
OS eee 2.0 35 000 17 500 62 000 1 310 000 4.4 
J 3.0 0 0 62 000 1 310 000 4.4 
6.0 000 500 101 000 270 000 7.4 
(c) Parxsvrtte Reservore (70d) 
10.42 000 540 000 000 17.7 
ree 6.42 12 000 1 870 28 000 62 000 31.1 
17.58 000 285 000 000 55.5 
(e) Austin Reservor 
2 1 420 710 30 600 1 400 95.6 
Sweerwater Reservorm 
21 4 190 220 5 390 30 900 4.9 
(9) 
1895-1905 Pktecostechucedceus 10 1 260 12 1 260 1 070 55.0 
6 430 72 1 690 640 72.6 


was 314000 per sec 1888. Since the dam was constructed, 
the maximum flood was per sec April 16, 1922. 

Hales Bar Reservoir—The dam near Guild, Tenn., and was com- 
pleted November 1913. The normal pool level (crest dam) 
Elevation 626.2. The original capacity the reservoir the the 
dam was 142000 acre-ft; flash-boards added later, increased this 
capacity 156000 acre-ft. Surveys were made the Tennessee River 
1889-1891 the United States Corps Engineers. 1905, the Power 
Company made survey for flowage the fall 1930, the 
Engineers made capacity survey the cntire reservoir. 

Parksville Reservoir (Also Called Ocoee No. 1).—The dam miles 
above the mouth the Ocoee River, Parksville, Tenn. About 70% 


Per- 
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4.06 | 90 900 2 550 000 3.3 
1-3 
- 
2. 
4 


212 THE SILT PROBLEM 


the drainage area forest and wood lots. The Ducktown Mining 
presents striking example the destruction forest lands the fume 
from smelters, roast ovens, and incidental activities. About mile 
have been completely denuded. Erosion excessive the poisonous 
will not permit the growth any vegetable matter. This condition, and 
the clayey soils and excessive rainfall which this basin 
offers complete explanation this most flagrant example unnatural 
erosion. 

Surveys determine the silt content were made The 
Electric Power Company 1917, 1921, and 1929, and the 
neers the fall 1930. The early surveys included only the up-stream 
half the reservoir, but that 1930 covered the entire reservoir. The 
results the capacity surveys (70d) are given Table 2(c). 

Lake McMillan North Carlsbad, original dam was 
completed the Pecos Irrigation District, 1894, with capacity 
500 acre-ft the spillway (Elevation 258.9). The project was greatly 
damaged floods 1906 and thereupon was taken over the United 
States Bureau Reclamation. The spillway has been raised repeatedly, 
the last time 1915 Elevation 267.7, which the capacity surveys 


Tamarisk Growth Holds Silt =e 


in Valley Above Reservoir 


1890 ow 1910 1915 1920 1925 1930 
Year 


Percentage of Capacity 
o 
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Table 2(d) have been referred. The great reduction the rate silting 
since 1915 has been due dense growth tamarisk (salt cedar) the 
flats the upper end the reservoir. This growth induces the river 
drop most its silt the valley just above the reservoir. Fig. shows 
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the silting curve for this reservoir. Nearly one-third the silt deposited 
during the last period resulted from the flood April, 1915, during which 
the maximum recorded inflow 42000 per was The 
nominal spillway capacity the dam 000 per sec. 

Guernsey regulating reservoir the North Platte 
River near Guernsey, Wyo. Storage began March, 1927. Surveys for 
silt were made soundings February, 1929, showing 3010 acre-ft 
deposits; January, 1931, 5970 acre-ft; and February, 1933, 400 
acre-ft. Silt was found mostly the old river channel the up-stream 
half the reservoir. The normal flow 1650000 acre-ft the average 
for the period, 1909-1932. The maximum discharge was 21000 
per sec, June 28, 1917. 

Austin Reservoir, Austin, Tex—The first dam was completed May, 
1898, and failed April, 1900. was rebuilt 1911-1913. During 
the interval, 1900 1913, much the silt deposited the old reservoir 
was washed out. The new reservoir, with spillway lower than the 
old, had 65% the capacity the old reservoir when was first filled 
1918. Capacity surveys were made the late summer the years indi- 
Table 2(e). They refer the new reservoir. 

The spring flood 1922 deposited more silt two weeks than had 
accumulated the previous five years. The maximum recorded discharge 
over the spillway was 151000 per sec April 1900, just before 
the dam failed. 

Worth, Near Fort Worth, average water supply from 
October 16, 1923, September 1930, was acre-ft per yr. This 
reservoir provides water for the City Fort Worth. The maximum recorded 
discharge was 600 per sec, November 18, 1923. 

Cucharas Reservoir, Arkansas River Drainage East Pueblo, 
The drainage area 6000 12000 high, composed narrow valleys 
and eroded mesas sparsely timbered, except the higher altitudes. 
actual surveys silt content have been made, but known silted 
average elevation 68.0 (spillway level, 106.0 ft), for which the 
capacity 850 acre-ft. 

Cheoah Reservoir Mouth Cheoah River, Near Tenn.— 
The total drainage area the Little Tennessee River miles, 
which 60% forest lands, most which have been cut over. The Cheoah 
Dam and Hydro-Electric Plant were completed 1919. The original 
capacity normal pool level (Elevation 1275.8) was 41600 acre-ft. The 
Aluminum Company America made survey for silt content 
the upper miles the reservoir 1922. The Engineers made 
complete survey the reservoir the fall 1930. 

Sweetwater reservoir San Diego County, Cali- 
fornia. was originally built 1888, height above the outlet. 
The spillway was raised 1896. The height the dam and spill- 
way was again increased 1915. The present (1932) spillway 
above the outlet; capacity surveys were made 1887, 1895, and 1917, and 
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partial survey 1927, with the results shown Table 2(f). Most 
the silt was deposited flood years. Stream-flow records cover climatic 
years, from 1887 1929. The maximum inflow occurred 
(160 000 acre-ft). The minimum was zero during the four years ending 
September 30, 1900, 1902, 1903, and 1904. During nine years (1895-1904), 
the total water supplied was only 9290 acre-ft. The maximum recorded 
discharge was 500 per sec, January 27, 1916. 

Lake Chabot, Southwest Oakland, Calif.— The drainage area 
densely covered with brush and redwood. Capacity surveys referred 
Spillway Gauge 83.5 are: For 1875, acre-ft; for 1900, 500 acre-ft; 
for 1911, acre-ft; and for 1923, 500 acre-ft. 

White Rock reservoir miles east Dallas, Tex. 
the drainage area, 75% cultivated land. survey 1910 (not very 
accurate) gave capacity 500 acre-ft Elevation 140.15 (local datum). 
The survey 1923, which was made accurately, showed capacity Eleva- 
tion 140.5 19535 acre-ft, and acre-ft, Elevation 138.5 (spill- 
way level). 

Boysen Reseroir Fremont County, Wyoming.—The dam was completed 
1911 create head for hydro-electric plant. Storage was second- 
ary consideration. Soundings were made through the ice December 
1922, and again January 23, 1924. the latter date the reservoir was 
practically full silt the spillway level. The deposit 13000 
silt largely estimated. The power plant has carried load since 
May, 1928, account silt accumulations. 

Indian Reservation. The dam was completed 1907. Capacity surveys 
have been made sounding through the ice during each year when was 
possible. When the ice did not cover the entire silt deposits, the reservoir 


Lost 


Period, at Eleva- 
in acri er 
acre-feet thousand 
of inflow original 


June 26, 1910... 4.0 13 000 56 200 12.2 
December 22, 1911... 1.5 11 800 24 600 3 20.2 
January 4... 2.1 10 600 14 4 21.4 
January 1918... 4.0 9 240 141 000 5 37.6 
January 1919... 1.0 8 5 430 6 42.1 
January 1920... 1.0 7 310 46 400 7 60.6 
January 1921... 1.0 6 9 640 8 300 56.0 
10, 7 000 9 920 67.0 
Jan 1924.. 1.9 4 500 900 10 300 69.5 
Somber 1925 1.0 4 390 8 880 10 490 71.0 
January 1926 1.0 4 120 5 170 10 660 72.0 
Janua 1927. 1.0 3 950 4 980 10 830 73.0 
December 24, 1927... 0.9 3 16 11 280 76.0 
December 29, 1928... 1.0 3 620 55 600 11 160 75.0 
January 29, 1930... Ey 15 100 11 960 80.6 
July 1932... 2.6 3 450 33 200 11 330 76.5 
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topography from the preceding survey was used for that part above the ice. 
The deposits between ice and top flash-board level (Elevation 998.3) 
for some the years are, therefore, probably not included the totals 
given Table 

The survey July, 1932, was topographic survey the entire reservoir 
taken the surface the silt deposits while the reservoir was practically 
empty. probably the most accurate survey that has been made. 

Protective works hold the silt the water-shed were begun 1923 
Rio Los Nutrias, the principal silt-producing tributary. July, 
1931, hole was blasted the gate tower for the installation 
6-ft sluice-gate, which was installed October 15, 1931. Between these 
dates 500 acre-ft silt were sluiced from the Sluicing opera- 
tions have continued each year whenever water was available. The gain 
for the surveys 1928 and 1932 partly due sluicing and 


80 
9 Sluice-Gate Installed and Desilting 
Operations Began July, 1931 


Protective Measures on 
Water-shed Began 1923 


1905 1910 1915 1920 1925 1930 1935 1940 1945 
Year 


Fic. ZUNI Reservoir, 1906-1930. 


Percentage of Capacity Lost 


40 


perhaps partly inaccuracies the preceding surveys. Fig. shows 
the rate silting. capacities are referred the top the present 
flash-boards (Elevation 998.3, old datum, United States Geo- 
logical Survey datum). 

Gibraltar Reservoir—Water for the City Santa Barbara, Calif., 
stored this reservoir. The drainage area sparsely covered with 
brush and small trees. Most the silt came after the fire 1923, which 
burned over the greater part the water-shed. The water supply very 
erratic. The year, 1921-22, yielded acre-ft, whereas 1923-24 the 
inflow was only 2000 acre-ft. The maximum mean daily discharge (out- 
flow) was per sec, April 1926. 
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Lake reservoir stores water for the City Durham, 
Ten permanently marked cross-sections the reservoir were established 
just before filling the fall 1926. Silting observations were made 
these cross-sections September, 1930, showing average silt deposit 
in. Some this deposit was due wave action washing the 
top soil the lake margin into the lake. The normal flow 124 
per sec the average the years, 1925-26 1929-30, inclusive. 

Sterling formed the Government dam Sterling, 
The dam and locks were constructed connection with feeder for the 
and Mississippi Canal. Soundings were made series 
sections above the dam The soundings 1930 were made 
from the same base lines. During the 18-yr period total 
silts were deposited, while 123 000 material were scoured. 
The maximum recorded flood was that May 16, 1929 (29200 
per sec, 24-hr mean). 

Coon Rapids Pond, Anoka, Minn.—This pond used solely for power 
purposes, and its level kept constant; storage utilized. The plant 
was completed August, 1914, which time the pond was first filled. 
Surveys with soundings the area occupied this pond were made 
1874 the Engineer Office St. Paul, Minn.; 1899, 
the Mississippi River Commission; and, again, January, 1931, the 
Engineers St. Paul. Evidences general scouring were detected 
between 1874 and 1899. General silting occurred between 1899 and 1981, 
which assumed have occurred since 1914. 

There are dams St. Cloud, Minn. (60 miles above Coon Rapids) 
the Elk River, and the Run River. These three control about 15000 
miles the drainage area, but, obviously, they not intercept all 
the silt. 

Furnish Reservoir, Near Pendleton, 1914, this reservoir had silted 
badly that became necessary put flash-boards the spillway order 
store sufficient water for the lands under the Furnish Ditch. The use 
flash-boards was discontinued 1930. The sluice-gate the dam opened 
soon the storage has been exhausted, permitting the river flow 
through the Furnish Reservoir. This cuts channel through the 
the original gravel bed. Thus, certain amount desilting done each 
year. The survey 1930 little more than estimate the Water 
Master. 1932, the writer estimated the remaining storage capacity 
about 600 acre-ft. 

Lake reservoir stores water for Stamford, Tex. the 
drainage area, 30% farming and 70% grazing land. The dam was 
begun 1918. The run-off the Geological Survey station 
Nugent, with drainage area 2220 sq. miles (1924 1930), showed 
680 200 acre-ft, 111000 acre-ft per yr. The maximum discharge was 
500 per sec May 20, 1928. 

LaGrange Reservoir—The diversion dam for the Turlock and 
Modesto Irrigation Districts, near LaGrange, Calif. Surveys for silt con- 
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tent have been made shown Table 2(g). The Don Pedro Dam 
completed 1923 miles stream. When its spillway was first used 
much river débris was washed into the LaGrange Reservoir. The maximum 
recorded discharge was per sec March 25, 

Buckhorn Reservoir, Near Loveland, records stream flow have 
been kept. The reservoir had capacity 1191 acre-ft upon completion 
1907. 1925, surveys were made for increasing its capacity when 
was found that the storage capacity had been reduced 626 acre-ft 
silt. The maximum flood 10500 per occurred June 15, 
1993 (61a). 

Aswan Dam and Reservoir, first dam was built store 
water reservoir level (R. L.) 106.0 with capacity 
acre-ft. was completed 1902. spillway was provided, but the dam 
has 180 sluice-gates pass maximum flood 500000 per sec. 
The dam was raised beginning 1907 and completed December, 1912, 
contract was let 1929 raise the dam again, this time store water 
122.0 for which the capacity will acre-ft. The average 
annual flow the Nile Aswan (1912 1927) was 90000 per sec, 
the maximum being 500000 per sec. 

Burrinjuck Reservoir—Water for Murrumbidgee irrigation areas, 
New South Wales, stored this reservoir. Construction was begun 
1908, and was completed 1920. The spillway crest 1180. The 
silt deposits were deduced from regular samplings above slack water, 1910 
1916, and above slack water and below the dam, 1917 1924. 

Dhukwan reservoir above the mouth Jamni River 
near Jhansi, United Provinces, India. The drainage area without snow 
storage, and the silt deposits were estimated. 

Pericha miles below the mouth Jamni River 
and miles below Dhukwan Reservoir. Silt deposits are reported 
negligible. The reason for silting Dhukwan Reservoir and not this 
reservoir could not obtained. Silt interception Dhukwan Reservoir 
does not fully explain this phenomenon, since years old and has 
lost one-fourth. its capacity, while Pericha Reservoir has lost none 
years. 

Habra Reservoir, dam broke 1881 and all the silt 
was sluiced out. The reservoir was put service again 1885. During 
later years sluicing has been resorted periodically. estimated 
that acre-ft silt have thus been sluiced out, that the actual silt 
deposited should increased that amount. The river carries approxi- 
mately silt weight per annum. 

Helena domestic water supply for Perth, Western 
Australia, furnished this reservoir. Surveys were made 1913, 1920, 
and 1930. The stream flow into the reservoir from 1900 1930 registered 
maximum per year 151000 acre-ft, and minimum 1190 acre-ft. 
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Hamiz Reservoir, sluicing was begun 1901; 
the total water supply used sluicing out silt. part the silt 
deposited prior 1901 has been removed but further loss capacity has 
been prevented. 


SEDIMENTATION PROCESSES 


When stream carrying load sediment into reservoir meets the 
quiet waters the reservoir its velocity destroyed and its load silt 
deposited, forming delta. delta building the material sorted 
deposited. The finer material carried far out into the reservoir and 
spread over the bottom. This part the delta consists the suspended 
load the stream, sorted from coarse fine and spread over fan-shaped 
area the apex which the mouth the stream. For distinction this 
part the delta called the bottom-set bed. 

Superimposed this the stream’s bed load deposited over fan- 
shaped area, and called the foreset bed. These deposits are also sorted, the 
coarser material settling first. The foreset beds are deposited layers 
strata normally inclined the horizontal the slope repose the 
material its saturated condition ((81) (82)). These strata vary 
thickness and inclination with every variation the stream’s bed load 
and rate flow. 

The process building the foreset beds somewhat analogous that 
building road grades continually dumping material the advancing 
face. the advancing face were fan-shaped and each carload was 
different material size, hue, and condition saturation, faint picture 
the process laying down typical foreset bed may had. 

The top surface the typical foreset bed fairly level provided the 
water surface the reservoir remains constant. top this deposited 
the suspended load the stream the same manner that the original 
bottom-set beds were formed, except these deposits top are the 
coarser suspended material. This part the delta called the top-set 
bed. The finer suspended material carried beyond the foreset bed 
deposited bottom-set bed advance the inclined strata the foreset 
bed. 

the river flows over the top the foreset bed, it. may form 
ples, dunes, and anti-dunes. Often the top-set beds are superimposed over 
these dunes and ripples, preserving them intact. 

the lake level varies periodically, but with sufficient time for 
deposits made each level, the delta formed benches. such 
would those certain natural lakes the levels which vary only with 
cyclic weather changes, as, for example, Great Salt Lake. When the level 
varies seasonally, such the case with most artificial reservoirs that may 
emptied and filled one more times each year, the delta soon loses its 
typical characteristics. 

Variability stream regimen, variability reservoir levels, and 
ability materials transported, introduce great complexities. Deposits 
one level are cut through lower level and re-deposited farther out; 
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waves re-sort and flatten the slopes. The net result these complex and 
interlocking processes may cause the deltaic shore become well-graded 
composite coarse and fine material considerably greater density than 
would found either the delta beds their idealistic state. 
Where the reservoir capacity small compared the annual inflow, 
may happen that considerable part the suspended load carried through 
the reservoir and only the bed load deposited. This evidenced 
many streams where the space above dams has been completely filled with 
coarse gravel and cobbles. 
sediment-carrying stream valley builds its bed and banks higher 
than the surrounding land. Alluvial valleys normally slope away from the 
stream channel. the banks become higher the stream slope reduced 
until finally flood overtops and cuts through them and the river forms 
new channel. The ends the old channel soon become closed silting 
and, thereafter, stands lake until slowly filled sediments 
from overflows and wind-borne materials. 
dam across stream bed not only induces filling the slack-water 
space above it, but induces the deposition river débris long distance 
stream. Fig. profile Bear Creek near Colfax, Calif., before and 
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after the construction débris barrier. This comparatively low dam 
had the effect withholding enormous volume coarse river débris 
from passing the lower lands. This serves illustrate extreme case 
aggrading stream bed where only coarse sand, gravel, and boulders are 
concerned. 
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reservoir can only store water for subsequent use below its spillway 
level, such other higher level may controlled flash-boards 
crest gates. The silt deposited below spillway level, therefore, robs the 
reservoir that much water-holding capacity. Ultimately, reservoir 
silt-laden stream will fill the spillway level, leaving only meander- 
ing stream channel the alluvial plane made these deposits. 

Table shows the average rate silt deposition per annum. The 
ful life reservoir not the number years obtained dividing 
its original capacity the deposition rate per year. Such generalizations 
are not permissible. The usefulness storage reservoir may prac- 
tically exhausted when its capacity has been reduced 50%, some other 
substantial part its original capacity. the other hand, reservoir 
for power purposes may still useful after completely filled. 

The rate silt deposition diminishes the reservoir fills. Deltas will 
form the mouths all tributaries. the deposits fill the storage space 
continually lessening volume quiet water available for deposition 
the finer materials, with the result that continually increasing part 
the material entering carried over the spillway. During extreme floods 
earlier deposits may picked and out the reservoir. Such 
effects are more apparent reservoirs the capacities which are rela- 
tively small part the annual flow through them. 


Space 


The relation between weight and volume silt one almost infinite 
variation. There fixed relation. The specific gravity all silts 
quite constant. The difference unit weight silt, therefore, almost 
entirely matter the voids. 

Assuming 2.6 fair average the specific gravity the silt parti- 
cles, the weight per cubic foot dry and saturated silt may determined 


Percentage 


Percentage voids voi 


When silt first deposited loose and flocculent, and the finer the 
silt the greater the volume lies place and more sedi- 
ment superimposed, becomes more and more compact. Some have 
contended that the water pressure tends compact the silt. Borings 
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silt deposits California reservoirs (41) have shown: (a) That definite 
water-table exists the deposits commensurate with the water level the 
reservoir; (b) that the deposits below the water-table are flocculent; and 
(c) that deposits not shut off spring water inflow the beds reser- 
yoirs. Under such conditions the silt deposits are not consolidated water 
pressure but superimposed silt. 

most potent factor compacting silt exposure and consequent 
drying. The shrinkage these deposits evidenced the cracks that 
form sun-dried exposure fine silts. 

Sands are not subject such shrinkage. The amount shrinkage, 
therefore, depends largely the proportion sand clay and the 
fineness the clay. The more uniform the size the particles the greater 
the voids and the less the specific weight. Deltaic deposits subject wave 
action all stages may become well graded from fine coarse and, there- 
fore, may very dense. 

These observations serve explain why such disparity has been found 
the volume-weight relation various localities and various investi- 
gators. Follett (47) used specific weight per 
for the Rio Grande silt. This was determined selecting single 3-in. 
cube from sun-dried river bar. This sample was taken 1904 and that 
weight has been used all tables the Rio Grande silt San Marcial, 
Mex., since the beginning the silt record 1897. Humphreys and 
Abbot 1861 used weight 120 per for the Mississippi River 
sediment. 

Samples from exposed silt bars various reservoirs Texas showed 
the following (53): 


Dry weight, 
Material pounds per cubic foot 
Coarse silts head reservoir, probably consisted 
Fine silts from much the same location........... 
Deposits surface silt beds near middle 


Finest material from submerged deposits ‘in old 


Seventeen samples from exposed silt beds Elephant Butte Reservoir 
1916 yielded the data presented Table 


Butte 


Description Maximum Minimum Average 
Weight taken, pounde per cubic foot....... 124.3 96.7 104.7 
Moisture, percentage 20.9 4.4 11.6 
Weight dry, pounds per cubic foot........... 101.2 87.9 92.3 
Percentage 46.6 39.0 44.0 


India (20a) engineers have found that the silts the Indus River, 
when wet, averaged per and that they contained water 


the 
nder- 
use- 
tions 
prac- 
other 
rvoir 
will 
pace 
ition 
Such 
rela- 
inite 
most 
arti- 
ined 
4 
ated 
3 
the 
lave 


222 THE SILT PROBLEM 


and dry matter. Many determinations have been made the 
specific weight the silts the Colorado River with greatly varying 
results (42a). summary these determinations is, follows: 

Number 


Bed silts: Imperial Canals, 1925....... 
Bed silts: Imperial Canals, 1917-18.... .......... 
Gila River: Silt bars (80)............. 
Deposits Settling Basins 

Imperial Valley Municipal Water 
Systems: 
Experimental settling basin 


The writer found the dry weight all the sediment filtered from the 
daily samples from Coeur d’Alene River, Idaho, for more than year (con- 
sisting largely tailings from ore-reducing works) per 

were not for the uncertain quantity silt carried into reservoirs 
bed load, would quite simple matter determine the space occupied 
the suspended silt streams flowing into reservoirs where the volume 
deposits been determined careful capacity surveys. The com- 
parison between suspended silt and deposits the Elephant Butte Reservoir 
for determining the probable bed load the Rio Grande (see heading, “The 
Bed Load”), shows the futility this method unless the bed load 
determined direct measurement the stream. 

result their study Colorado silts, Fortier and Blaney 
recommended the use specific weight 62.5 per for suspended 
silts. This was convenient figure because the percentage silt weight 
and volume then becomes equal. For the space occupied reservoirs 
on, the Lower Colorado River, account the probable mixture coarser 
bed load and suspended silt and also allow for compacting superimposed 
silt, they suggested the use specific weight silt situ the reservoir 
Southwestern United States, these figures are consistent with all available 
data and can used without great error. 


TRANSPORTATION SILT 


has been estimated that the surface the United States being 
moved the rate in. 760 (3). some time other, the material 
removed transported streams. The total solids removed estimated 
000 tons per annum, which 513 000 000 tons suspended matter 
and 270 000 000 tons dissolved solids. 

Flowing water has the power transport large quantities finely divided 
material suspended load and also drag other materials along its bed. 
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The higher the velocity and the more turbulent the stream, the greater the 
proportion suspended load capable carrying. When velocities slacken 
this material settles and the bed-load movement arrested. Material remains 
suspension reason the vertical components currents and eddies 
within the water prism. 

The shape the silt particle has important bearing the facility 
with which remains suspension settles the bottom. The finer the 
material the slower settles; rounded particles will settle much faster than 
flat scale-like particles; and, disk-like particles settle still water (flat 
side down) with oscillating motion requiring long time. 

The velocity the water, the degree fineness the material, and the 
predominating shape the particles are three correlated factors that deter- 
mine the variant between the suspended load and the bed load stream. 

mountain streams the bottom load consists boulders, cobble-stones, 
and coarse sand. The transporting stones along stream bed grinds them, 
ultimately, into material sufficiently fine permit their being carried the 
ocean suspended load bottom load slow-moving rivers. far 
the greater part the sediment transportation streams occurs the time 
flood. “Cloudbursts” mountain streams may cause the movement 
millions tons débris, from fine sands boulders large houses. 
The waters great rivers, their mouths, seldom acquire sufficient velocities 
move anything but sand and the smaller gravels. 

There line demarcation between suspended load and bed load. 
the same stream given material may carried suspension one 
reach and bed load another. flood will put suspension large volumes 
material formerly deposited the bed and banks the stream and start 
rolling new bottom load much heavier material. The transportation 
detritus from mountain top ocean bed thus accomplished stages 
series spasmodic expenditures stream energy interspersed with periods 
quiescence. 

Suspended gives summary the results large number 
measurements determine the suspended silt content the streams 
the world. The streams the United States are arranged alphabetically 
the major drainage basins. Tributary streams within those basins are 
arranged order from head mouth. 

The Bed information available the quantity 
material transported bed load. Humphreys and Abbot estimated the bed 
load the mouth the Mississippi River 11% the suspended load. 
Fortier and Blaney place that the Colorado River, Yuma, Ariz., 
20% the total load (42d). Follett stated that the bed load the Rio 
Grande San Marcial, Mex., “may amount 25% the silt carried 
suspension.” 

Comparing the silt content the Rio Grande during the years between 
capacity surveys (1916-1925) Elephant Butte Reservoir, found that: 


Total suspended silt passing San Marcial..= 217 000 000 tons 
Total silt deposited 178 000 acre-ft. 
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Num-| Quan- 
Locality serva-| thou- Millions 


q canis Per | of tons 


4/23/-12/30, 1905 


1929-30] 
1925-6 


Grand Canyon near 


62), 
Bright Angel Creek, (62), (58), (61) 


(62), (58), (61) 
(62), (58), (61) 
(62), (58), 
(62), (58), (61) 
(62), (58), 


(42) 
(62), (58), (61) 
(62), (58), (61) 


(62), (58), (61) 
(62), (58), (61) 


©] 


Oct-Sept. 1929-30 


8/1-11/5, 
6/1-12/31, 
8/5-10/15, 


224 
No. 
number * 
mules q 
21 
5 |Colorado....... 
201 1] 172 27 
400 
900 
100 
700 
400 
800 
400 
400 
100 
8 |Gunnison.......|Whitewater, Colo..... 7 870) 4/2/-10/31, 1905} 203) 2 290 2.01 |(55) | 
11 |San Juan.......|Bluff, Utah.......... 3 000 16.6 |(42) 
Florence Canal.......]......... | 
19 |Verde.........,|/McDowell, Ariz....... 6 000) 4/5/05-3/10/06} 143) 615 1.23} 1.08 
See Appendix. 


(58), (61) 


(58), (61) 
(58), (61) 
(58), (61) 
(58), (61) 
(58), (61) 
(58), (61) 
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TABLE 6—(Continued) 


Locality ares, Period thou-| 
acre- 
feet 


River 


Fork, Coeur 


91 |So. Fork, Coeur 

dAlene...... Enaville, Idaho......)......... 5/13/21-6/30/22| 414) 466 0.97 
22 |Salmon........- 150} 5/23/05-1/13/06| 139 25.5) 0.067 
%3 |Malheur....... Wale, 4 860} 3/26-12/4, 1905 186, 134 | 0.193 
24 |Payette........ Idaho 2 240) 5/15-9/13, 1906 1030 | 0.031 
3 jouse.......- Hooper, Wash........ 2 210} 5/22-10/8, 1905 122 32.2} 0.055 

26 |Truckee........ Derby, Nev.......... 1 750} 4/10/06-3/13/07 1 | 
27 \Owens........- Round Calif... 400| 5/13/06-3/30/07 0.026 


River 


0.033 
31 Wis........).........] Apr.-Nov. 


3/22-6/6, 1929 


2/17/51-2/15/52 


4.82 
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of tons number * 


thou- 


duri 
peri 


0.146 


0.615 
0.043 


0.081 
(55) 


Quan- 
Stream 
(58), (61) 
(58), (61) 
(58), 
(58), 
(58), (61) 
2.79 
0.59 |(38) 
+ 0.598 }(69) 
1.044 |(69) 
|@8) 
1.673 
20.5 
45.8 |(38) 
raiton, ill 1 14.2 (38) 
Grafton, Ill... ....... 0/0/3U-/2/25/ 36} 20 900 2.79 (39) 
36 |Mississippi.... .)/St. Louis, Mo........].........| 3/31-6/25, 1879} 21) 29 800 99.0 
1/15-9/5, 1881) 36/118 000 225 (38) 
4/8-6/12, 1929 8| 62 000 132 (38) 
37 |Mississippi. . . . .|Columbus, Ky........].........| 8/15-11/15, 1858] 146/262 000 292 (38) ; 
Columbus, Ky 3/4-7/2, 1879} 79/376 000 177 (38) 
38 Missesippi . 11/28/79-10/10/80| 178355 000 424 (38) 
$9 |Missiesippi..... 1/6-6/27, 1879 63/157 000 135 (38) 
40 |Mississippi.... . 12/13/78-6/18/79| 37|212 000 188 (38) 
Helena, Ark. 933 000} 9/2/30-2/28/31 61} 55 000 26.4 (39) 
25|240 000 142 (38) ‘ 
80} 40 500 29.5 (39) 
28/355 000 335 (38) 
49/195 000 152 (38) 
45 |Mississippi...../Tarberts Ldg., Miss.../.........] 3/19-6/21, 1929) 25/263 000 140 (38) 
46 |Mississippi.....|Red River Ldg., Miss.|......... 3/3-6/22, 1929} 25/249 000 126 (38) 
000 380 (38) 
Carrollton, La........].........| 2/16/52-2/20/53} 32/530 000 582 (38) ] 
Carrollton, La........].........| 12/19/79-10/8/80| 29|304 000 293 (38) 
Carrollton, La........}.........| 3/12-6/25, 1929} 39)227 000 246 (38) 
Carrolton, La........|1 238 000} 9/16/30-2/27/31) 65) 63 000 22.0 
48 |Chippewa......|Durand, Wis.........|......... May-Oct., 0.050 |(69) 
51 May-Oct., 0.135 |(69) : 
0.264 |(59) 
0.430 |(59) ; 
0.750 |(59) 
0.565 |(59) 
0.45 |(43) 
0.749 |(43) 
28.1 }(43) 
35.6 }(43) 
79.7 
36.9 (43) 
103 (43) 
38.1 
113 43) 
110 (43) 
Bee Appendix. Number observations for entire period. 
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TABLE 6—(Continued) 


Period 


Quan- 
ob-| water, 
serva-| in thou- Per 
feet 


63 |Missouri....... Plattemouth, Nebr....| 414 000 1929-30; 1490) 26 400 | 3.93 |141 (43) 

Plattsmouth, 4.30 (43) 
64 |Missouri....... Leavenworth, Kans...| 425 000 1929-30} 1648] 28 900 | 4.20 |170 (43) 
Leavenworth, 2.43 62. (43) 
65 |Missouri....... Kansas City, Mo. 489 000 1929-30} 1923) 34 000 | 4.13 |191 (43) 

Kansas City, Mo.....]......... 1931-32]..... 4.98 {208 

66 |Missouri....... Boonville, Mo........ 506 000 1929-30} 7499] 39 400 | 3.57 |191 43) 
Boonville, Mo........].......-- 1930-31)..... 2.01 | 67.6 |(43) 

67 |Missouri....... Howard Bend, Mo....| 529 000 1929-30} 1988} 43 800 | 3.24 |193 (43) 
Howard Bend, Mo..../......... 2.05 | 77.38 

Howard Bend, Mo....]......... 931-32)..... 44 3.00 |183 (43) 

68 | Missouri St. Charles, Mo... 1879] 273) 45 500 | 4.10 [253 (38) 
St. Charles, Mo....... 000 8/28/30-2/28/31| 44) 13 500 | 2.56 | 47.0 |(39) 

69 |Marias......... Loma, Mont......... 160) July-June, 1929-30} 1824 0.467) 0.374 a} 
Loma, 1930-31)..... 0.578} 0.279 |(43) 

Mosby, Mont........]......... 1930-31)..... 6.26 | 0.166 |(43) 

Nashau, Mont... 23 800 1929-30} 1320 1.91] 1.05 |(43) 
Nashau, Mont........]......... 930-31)..... 0.171) 0.0146 

72 «. .--|Billings, Mont... 11 180) §/20-11/24, 1905) 88 0.43 | 2.07 |(65) 
73 | Yellowstone. . . .|Glendive, Mont....... 66 100) 3/28/05-4/21/06| 172 1.14] 11.8 

Glendive, Mont... 1930-31)..... 3.64 | 35.8 

74 |Big Horn....... Fort Custer, Mont... 20 700} 6/10/05-6/9/08| 72 1.233] 7.3 (55) 
75 |Shoshone..... 1 480} 4/1/05-3/31/06|} 287 0.121) 0.168 |(55) 
Medora, N. Dak......]......... 1930-31)..... 8.98 | 0.984 |(43) 

77 |Cannonball..... Timmer, N. Dak...... 3 660 1929-30} 1121 7.29 | 0.764 |(43) 
1930-31) ..... 2.07 | 0.0473/(43) 

79 |Moreau........ omise, 8. Dak...... 5 200 1929-30} 6.17 | 0.730 |(43) 
Promise, 8. Dak......]......... 1930-31)..... 6.24 | 0.363 |(43) 

80 |Cheyenne...... Carlin, 8. Dak. 25 500 1929-30} 1546 8.23) 8.06 ‘S 
0-31)..... 10.86 | 6.05 |(43) 
81 |Belle Fourche.. .|/Belle Fourche, 8. Dak. 8 250} 4/15-11/25, 1905) 192 3.60 | 0.500 |(55) 
Belle Fourche, 8. Dak./......... 4/1-6/23, 1906} 51 2.71 | 0.372 |(55) 

Belle Fourche, 8. Dak. 4 270) 7/27-11/13, 1906 89 0.68 | 0.050 |(65) 

82 |Redwater....... Belle Fourche, 8. Dak. 1 020 tae 1905} 188 0.26 | 0.057 |(65) 
Fourche, 8. Dak.|......... /23. 1906} 53 0.42 | 0.028 

Fort Pierre, 8. Dak. 1930-31)..... 38.32 | 5.52 
84 |White.......... se 1929-30} 1227; 22.99 |13.5 43) 

1930-31)..... 0.459) 0.605 |(43) 

86 |James.......... 1929-30} 1261 0.168] 0.0255 |(43) 
1930-31)..... 0.118} 0.00747/(43) 

87 |Big Sioux....... 1929-30) 1374 0.742) 0.361 /(43) 
1930-31)..... 0.173} 0.0217 |(43) 

90 |Platte.......... Plattemouth, Nebr., 1929-30) 1886) 2.47 |16.8 
Plattsmouth, Nebr... 1930-31)..... 1.55 | 9.34 43) 

91 |North Platte. . je, Wyo........ 1-12/28, 1906} 125 0.99 1.90 
cy: 1930-31)..... 1.89 | 4.96 

93 |Elkhorn........ Waterloo, Nebr... 6 560 1929-30) 1191 3.19 | 3.32 |(43) 
Waterloo, Nebr.......]......... 1930-31)..... 0.662) 0.527 |(43) 

04 |Kansas......... ner Springs, 61 300 1929-30) 1617 3.94 |20.5 (43) 
Bonner Springs, Kans.|......... 1930-31) . 2.19 | 8.28 |(43) 

iday, Kans.......1... 19081 365 0.80523 .3 (8a) 

See Appendix. Number observations for entire period. 
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TABLE 6—(Continued) 


Drainage 

area, 

Stream Locality 
miles 


Sumner, Mo.......... 
Sumner, Mo... 


0 Wiangum, VEIa....... 

Red 


VEIB..... 


bed 


10/22/30-9/2/31 


9/17/30-9/29/31 
9/23/30-9/19/31 
4/11/05-6/28/06 
5/20/05-3/19/07 
5/13/05-3/22/07 


oo 
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Number observations for entire period. 
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Num-| Quan- 
water, omnes 
erence Period thou-| Millions 
feet 
Smoky Hill... ..|Sclomon, Kans....... 19 200 1929-30) +368 74 2 43) 
98 |Saline..........|Tescott, Kang. ...... 2 880} July-June, 1929-30) 1244 79.8) 1 (43) 
99 |Solomon........|Niles, Kans.......... 6 900 1929-30} 1259 255 | 3 (43) ; 
OS 1930-31}..... 198 | 2 (43) 
Wakefield, 1930-31)..... 6644 (43) 
101 |Big Blue. ......}Randolph, Kans...... 9 360 1929-30} 1407} 1000 | 4 (43) 
102 |Grand........./Gallatin, Mo......... 2 250 1929-30} 153 611 | 3 {a3} 
1930-31}..... 166 | 2 (43) 
103 |Grand.......... 1929-30} 1484) 1960 | 3 (43) 
105 |Osage..........|Bagnell. Mo.......... 14 000 1929-30} 1395} 3070 | 0 (43) 
1930-31)}..... 877 | 0 (43) 
Rich Fountain, Mo....|......... 1930-31).....) 1150 | 0 (43) 
107 |Ohio...........]Padueah, 76)174 000 | 0. (38) 
108 |Ohio...........|Mound City, Ill......], 202 000) 9/11/30- 2/27/31} 66) 23 000 | 0. (39) 
110 |White..........|DeValls Bluff, Ark.... 2/6-5/30,1931| 36) 7 10 (39) 
111 Bluff, 2/20-7/8, 1879} 134) 4 11 (38) 
15 Okay, Okla.......... 8 140] 10/28/30-0/7/31| 1 84 (39) 
116 |Grand..........]Wagoner, Okla....... 12 400} 10/24/30-9/7/31| 3 15 (39) 
117 |So. Canadian. . ./Calvin, Okla.........] 29 700) 10/30/30-9/2/31| 71 45 (39) 
63 300 156} 16 (39) 
1 220 253 (55) 
2 210 2 
Haadric Al 5 470 
Pim 447 (55). 
750 (55) 
127 |Little River 1/21-9/28, 1931) 85) 1 (39) 
128 Arden, 9/10/30-3/24/31) 125) 1 (39) 
bodes 96 ) 
1903].....] 1270 (48) 
1904]..... 710 (48) 
1905} 35) 2 420 (48) 
1906} 112] 1 560 (48) 
1907; 118} 2 160 (48) 
1908} 110 774 (48) 
1909} 117| 1 280 (48) 
b 1910} 90 852 (48) 
| 1911; 114] 1 800 (48) 
1912; 1 500 (48) 
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TABLE 6—(Continued) 


Num-| Quan- 


Item} area, Period serva- thou- 
No. tions sands 
period 
} — 
1915}..... 13.6 | 25.0 |(58) 
13.2 | 30.0 {(58) 
1917 6.6} 9.4 
1918 6.6| 3.7 (58) 
1919 22.8 | 45.8 (58) 
1920 10.4 | 31.5 |(58) 
1921 19.2 | 42.9 (58) 
1922 10.2 | 13.3 (58) 
1923 11.7 | 19.4 (58) 
1924}. 7.5) 14.6 |(58) 
1925). 12.0} 6.8 |(8) 
1926 10.2 {(58) 
» 1927 19.6 | 35.9 (58) 
1928 5.7) 4.6 |(68) 
1929 29.6 | 68.6 |(58) 
1930). 56.4) 5.4 {(68) 
1931). 18.8 | 12.5 
Total mean, Item No. 130 14.2 
131 |Rio Grande..... 6/1/89-8/31/90| 297 4.0| 5.86 |(48) 
Paso, Tex......... 8 1/8/05-4/30/07| 248 30.3 {(55) 
Paso, Tex......... 1924 1.91 
132 |Rio Grande..... Fort Quitman, Tex.... Jan-Dec., 1924 3.57] 2.46 |(14) 
133 |Rio Grande.....|Upper Presidio, Tex... 4/23-12/29, 1924 2.30) 0.965 |(14) 
Upper Presidio, 3.26 
134 |Rio Grande.....|Lower Presidio, Tex... 4/24-12/30, 1924 3.03} 2.18 |(14) 
Lower Presidio, Tex.../......... Jan-Dec., 1925 3.50) 13.1 |(14) 
135 |Rio Frande..... Boquillas, Tex........ 5/7-10/17, 1929 9.75} 8.95 |(14) 
136 Grande.....|Laredo, Tex.......... 6/13-12/16, 1924 3.85) 17.4 |(14) 
Jan-Dec., 1925 7.40) 85.2 |(14) 16 
1/11-10/25, 1926 7.62) 45.6 (14) 
Roma, Tex.......... 1931 7.82 
138 |Rio Grande..... Matamoras, Mex... .. 4/17-12/22, 1924 2.99) 10.6 
Matamoras, Mex.....|......... 26 3.68) 28.8 
139 |Peoos.......... Santa Rosa, N. Mex... 7/7/05-12/27 /07 6.5) 1.43 |(65) 
140 |Peoos.......... Dayton, N. Mex..... 7/20/05-4/20/07 6.8 | 6.22 |(55) 
Carlsbad, N. Mez..... 5/22/05—4/30/07 0.53) 0.80 |(55) 
142 |Gallinas........ Las Vegas, N. Mex. 5/19/05-4/31/06 0.05) 0.0019)(55) 
143 |Hondo......... Roswell, N. Mex...... 4/26-8/4, 1905 78 0} 9.80) 1.04 |(55) 
144 |Brasos......... Mineral Wells, Tex.. Oct-Sept., 1924-27 10.1 | 40.5 
145 |Brazos......... Oct-Sept., 1924-27 8.6 | 57.2 |(63) 
146 |Brazos......... College Sta., Tex... 8/1-12/31, 1899 8.66). |(34), (83) 
148 |Double Mt. Fk. 
149 |Witchita....... Witchita Falls, Tex. 2/10-12/31,1900 12.07)........|(34), (33) 
Witchita Falls, Tex...!......... Jan-Dec., 190 15.671.. (34) 
150 |Sacramento.....{Red Bluff, Calif... ... 9 300) 7/3/05-3/23/07) 446) 20 800 | 0.107} 3.02 |(55) 
Bieber, Calif... .. cove 2 950 7/7/05-3/2/07| 285 924 | 0.106) 0.133 |(55) 
152 |Feather..... .+-/Oroville, Calif........ 3 640) 6/25/05-2/14/07| 9 600 | 0.008) 1.26 |(55) 
153 {Puta Cr........ Winters, Calif........ 805 1/2/06-3/1/07| 371 873 | 0.43 | 0.507 |(55) 


*See Appendix. With all closed basins eliminated. 
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TABLE 6—(Continued) 


Quan- 
Drainage ber tity 
period 


6/22-8/20, 1905} 27 
7/7-8/20, 1906} 19) 2 
Jan. 


ao 


Aswan, Egypt 
Egypt 


o é 


Aswan, Egypt 
Aswan, Egypt 


000 
700 
500 
200 
000 


932 0.83 050 
3/17-5/31, 1921 2100) 4.4 
161 |Lower Orange... 11/18/19-5/5/20 12 000} 8.70 
162 | Vaal i 1/1/18-12/10/19| 21 14 100} 1.88] 36 (56c) 
River, 


Jam, 1918 
Feb. 


164 |Kistna 2.78 


105 
176 


877 
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Stream Locality 
aber * 
154 |Nile..........-|Sarras, (23) 
Sarras, (23) 
155 |Nile...........] Aswan, (9) 
Aswan, Feb. (9) 
Aswan, Mar. (9) 
Aswan, June (9) 
Aswan, July (9) 
Aswan, Egypt.......|.....-+-- Aug. (9) 
Aswan, Sept. (9) 
Aswan, Oct. (9) 
Aswan, Jan-Dec., (36); (51) 
1914) 62 (36); (51) 
1915} 52 (36); (51) 
1916; 652 (36); (51) 
1918 52 (36); (51) 
1919} 50 (36); (51) 
1921; 50 (36); (51) 
1922) 651 (36); (61) 
1923 52 (36); (51) 
1924) 652 (36); (51) 
6&2 (36); (51) 
Aug. pease (49) | 
(j) 
6/22-11/19, 1900)..... 56 500} 3.41) 262 ({(21) 
6/1-7/31, 1901)..... 15 000} 5.14 (21) 
— 6/8-11/15, 1909]..... 42 100} 3.08 (21) 
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TABLE 


165 


166 


167 |Sutlej 


168 |Yangtse........ 3/11-11/8, 1923 14| 530 000) 


380 
1/28-10/30, 1924 17| 520 000} 0.27) 190 |(68), 
169 |Yangtee........ 29 500} 0.11 4.42) (67) 
May 65 000] 0.18) 15.9 


See Appendix. 


Quan 
Drainage ob-| water, Milli 
peri 
nl _ | _ : 0 
bees 1905).....| 121 000 472} (20) 
1907|.....} 99 000 349) (20) 
1908).....} 136 562) (20) 
1909).....} 132 000 623} (20) 
1910}.....} 129 000 708} (20) 
i 1911).....| 142 000 
1912|.....| 127 000 615} (20 
1914).....] 159 000) 635) (20) 
1916].....] 118 448) (20) 
1917|!....| 126 000 613) (20) 
1918}.....| 116 000 450) (20) 
1920}.....| 106 000 400) (20) 
1921}..... 98 000 367}(17) 
1922}.....] 119 000} 2 454)(17) 
1923}.....] 118 000) 2 478)(17) 
1924].....] 127 000} 2 459/(17) 
1925).....| 107 000) 2 390) (17) 
years, total mean Item No. 840 712 
1903]..... 98 000) 3 474) (20) 
1904]..... 84 500} 3 371) (20) 
1905).....} 106 000) 3 450) (20) 
1907|.....] 206 000) 1 356) (20) 
1908}.....) 115 2 428) (20) 
1909).....| 106 3 444) (20) 
1910}.....] 112 COO} 2 438) (20) I 
1911}.....] 122 000] 3 563) (20) 
1912].....] 86 500) 2 325} (20) 
1913}..... 84 700} 2 318) (20 
1914).....) 129 3 585) (20 
1916).....] 77 3 327) (20, 
1918}.....) 94300) 3 469) (20 
1919}.....] 121 000) 3 473) (20, 
1920}.....} 87 800) 3 376) (20 
1921).....| 93 500) 3 382)(1 
1922|.....] 115 000) 3 651)(1 
1924).....| 111 000) 2 440) (1 
Jan-Dec., 1894) 128].........] 2.86)........1(28 
Jan-Oct., 1895}  85).........] 2.00]........1(28 
Apr-Oct., 1896) 49).........] 
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TABLE 6—(Continued) 


Millions 
= 8 ity Per | of tons nee 
169 |Ya 

Sept. 
Oct. 
Nov. 


170 |Huang (Yel- 
low Chiang-Kou, 5/1-9/30, 1919 
171 |Si Kiang (West) 7/6-10/13, 1915 


172 |Murrumbidgee. 000) 7/1-6/30, 


Appendix. 


Follett used weight per for silt the reservoir. this 
specific weight correct, 187 000 acre-ft suspended silt passed San Marcial, 
which more than was deposited the reservoir. believed that only 
negligible quantity silt passed through the reservoir. the basis 
per the volume silt passing San Marcial amounted 153 000 
acre-ft suspended silt, leaving 25000 acre-ft for that brought bed 
load. This 16% the suspended load. thus seen that, this case, 
the estimated volume the bed load hinges what specific weight adopted 
for the reservoir deposits. 

The writer investigated the silt carried and deposited Coeur d’Alene 
River and from the resulting data made rough estimate the bed load. 
The investigation involved miles the river above Rose Lake, Idaho, 
which twenty-six cross-sections were established and permanently marked. 
Surveys for silt content were made May and November, 1921, and 
March and July, 1922. Daily water samples were taken above and below 
this reach. the suspended load entering the reach, 75% was fine silt 
from ore-reduction works the Coeur d’Alene Mining District and 25% 
was natural débris. The following data were obtained: 


Period (May 13, 1921, June 30, 1922), days.. 414 
Suspended silt entering reach, tons.............. 444 600 
Suspended silt leaving reach, tons.............. 863 100 
Suspended silt deposited, tons.................. 500 


Total deposits determined from cross-sections, 


—__ 
Num-| Quan- 
inage ber tity of 
Mean year, Item No. 169 773 374 
810} 0.15) 0.162)(58) 
1912-13)..... 840} 0.40) 0.450/(58) 
1913-14)..... 725} 0.94) 0.930)(58) 
1914-15)..... 386} 0.37] 0.195)(68) 
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believed that per will fairly represent the average specific 
weight these deposits. Using this value, the bed load, cubic yards, 
found be: 


Total deposits, from soundings........... 190 000 


From this, appears that the bed load and suspended load were each 
equal about one-half the total. Although this work was done with care 
considerable uncertainty still remains. The volume assigned bed load 
hinges the specific weight assigned the deposits. instead 
per ft, value used, the bed load becomes 115 000 yd, 
60% the deposits measured place. used, the bed load be- 
comes 36% the measured deposits. 

Again, the sampling gave results 10% too high the upper end and 
10% too low the lower end, the entire volume deposited would have 
accounted for bed load. these errors were reversed the entire deposits 
would have come from the suspended load. 

would better express bed load percentage the total load 
when possible. The foregoing data bed load may summarized 
percentage total débris transported, follows: 


Suspended Bed 

. load load 

Rio Grande, San Marcial, Mex.......... 
Colorado River, Yuma, Ariz. (Fortier and 

Coeur d’Alene River, Rose Lake, Idaho.... 


The foregoing data are considered only the roughest approxima- 
tions; some are pure estimates, but they constitute the only data known 
the writer. The difficulties differentiating between bed load and suspended 
load are well illustrated the case the Coeur d’Alene River. Strictly, 
there line merges indistinguishably into the other. 
far known successful attempt has been made measure the 
material transported river bed load. 

Laws Silt river flow turbulent. The mov- 
ing water prism contains many eddies and cross-currents. These serve 
maintain the finer material suspension and roll the coarser along the 
bed. The same material may alternate bed load and suspended load. 
Bellasis (15a) defines load “silt”, bed load “drift”; and the 
weight material per unit volume water the “charge”. 

There upper limit the quantity material stream given 
depth and velocity can transport. Such charged stream will deposit silt 
every reduction velocity decrease turbulence and pick more, 
available, every increase. fully charged stream can not scour material 
from its channel, but its power moving the drift bed load not im- 
paired 
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About 1900, Kennedy, Executive Engineer, Public Works Depart- 
ment, Punjab, India, advanced the first formulas for transportation silt 
water result his study the Bari Doab Canal System. Kennedy 
presented the theory that there critical velocity for each depth that 
will neither scour nor permit deposits. .His general formula is: 


Vo 


which, the critical velocity that will neither drop nor pick sedi- 
ment; the depth water; and coefficient depending the kind 
silt. 

The values the constants Equation (1) have been established ex- 
perimentally (see Table 7). 


TABLE 7.—Constants Equation (1) 


Cc n Authority Applicable to: 
0.84 0.64 Upper Bari Doab Canal, Punjab, India. 
0.91 0.57 Shwebo Canal, Burma. 
0.67 0.55 Godaveri, Western Delta, Madras, India. 
0.93 0.52 Kistna, Western Delta, Madras, India. 
0.95 0.57 Lower Chenal Canal, Punjab, India. 


Mr. Gerald Lacey presented the first general treatment this complex 
subject 1929 (57). Lacey* advances the theory that stream flowing 
its own alluvial plain possesses the following quite remarkable characteristics: 


cross-section straight reaches tends become 

2.—The parameter the ellipse (ratio the major one-half the minor 
axis surface width maximum depth) depends solely the character 
the silt regards fineness. 

3.—For given discharge, the wet perimeter constant and independent 
the character silt. 

silt factor bears definite relation the roughness coefficient 
the Kutter and Manning formulas for discharge. 


All attempts apply the Kennedy formulas the Imperial Valley con- 
ditions have proved unsuccessful (42e), and appears that the Lacey formulas 
will prove equally disappointing. 

scarcely possible that the complex laws sediment transportation 
and deposit can expressed for all kinds river débris from dust 
boulders simply Lacey has done it. 

The writer quite familiar with the Platte River Nebraska. flows 
deep bed pure sand. The cross-section anything but elliptical, and 
the channel conforms law except that the mythical “Powder River” 
the 91st Division the American Expeditionary Force, whose slogan was: 
mile wide and inch deep; can swim it!” 


‘The original paper file Engineering Societies Library presents the Lacey 
formulas with considerable data and discussion. 


| 
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Effect Clarifying Silt-Laden Stream.—This promises become 
most important phase the silt problem. The Boulder Reservoir will 
charge clear water for the first time untold ages into alluvial river 
channel. Moreover, the discharge will much more uniform than now 
obtains. What effect this will have the regimen the river, and how 
will affect diversions into canals will watched with great interest. Changes 
the river channel silt-laden stream, after its regimen regards flow 
and silt content has been radically altered, have been exemplified the Rio 
Grande below Elephant Butte Dam. the 125-mile stretch below this 
storage dam there are four dams diverting water into six irrigation canals 
(6b). The changes river regimen that have occurred since the storage 
reservoir began operating 1915, are listed Table 


Before After 
Years construction construction 


Period 


Item No. Point measurement 


Butte Dam Butte Dam 
(2) (3) (4) 
San Marcial, Mex.... 1915-1931 700 000 


The general effect the river channel has been flatten the slope 
indicated cross-sections the river taken since the storage began (1915 
1925). 

For the first 100 miles, the river has disposed the débris from 
and, addition, has taken about 480 acre-ft (2100000 yd) from its 
bed and banks and deposited them the lower reaches. This degradation 
must continue until the river channel consists series slopes between the 
diversion dams other natural obstructions, just adequate pass the mean- 
water and silt discharges under the new regimen that obtains under storage 
control. 

the Colorado River after the Boulder Reservoir operation 
flattening the river slope may expected because large floods will 
more. Material will picked from the river channel the clear water 
from the reservoir and deposited the lower reaches. time, the finer 
silts the upper parts the present channel may carried entirely 
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leaving only the coarser sands that may then move mostly bottom load 
fairly clear stream, except when muddied floods the tributaries. 

Research Silt laws silt transportation are 
known only imperfectly. They are now being made the subject intensive 
research both America and Europe. The first experimental study the 
laws sediment transportation with particular reference bed load was 
undertaken Gilbert (77) about 1914. His laboratory consisted flumes 
with glass sides which varying quantities and sizes sands were introduced 
into streams varying velocities. observed transportation saltation, 
the phenomena sand ripples dunes, and the conditions under which 
they migrated stream down stream. developed equations for the 
tractive force move sand mixtures. The work Gilbert has not been 
followed until recently. 

Interest this problem has again been stimulated and model experiments, 
together with mathematical studies stream dynamics, are being made. 
MacDougall (71) beginning where Gilbert left off, experimenting deter- 
mine the laws bed-load transportation. Vogel (76), Matthes (75), and 
staff experimenters the United States Waterways Laboratory 
Vicksburg, Miss., are working extensively with models particular reaches 
the Mississippi and other rivers, studying the silt-transportation problems 
regards shoaling, scouring, building bars, effect bends, etc. 

The experimental and mathematical work Rehbock, (72), 
Hans Kramer, Assoc. Am. Soc. E., Bulle, and others Germany, 
mathematical review O’Brien (74), and studies from the geological angle 
Rubey (73) the movement débris related the conservation 
energy river systems, are all adding greatly the sum total the 
knowledge concerning the phenomena sediment transportation and turbulent 
flow which are inseparably bound together. 

These studies are incomplete, and discussion regarding the significance 
observed phenomena still rife. 


Except certain small reservoirs for municipal industrial purposes, 
generally impracticable remove any substantial quantity silt from 
reservoirs after has been deposited. The most practicable remedy lies 
preventing permanent deposits. Under certain circumstances this quite 
possible. Some examples which effective measures have been taken 
prevent such permanent silt deposits will cited. 

The Aswan Dam provided with sufficient sluice-gate capacity pass 
the entire flood discharge the Nile. These sluice-gates are opened the 
beginning the flood period, and the river flows through the reservoir 
practically dam existed. During such flood periods, although the 
Nile heavily charged with silt, depositions occur the reservoir. 
After the peak the flood has passed, and the river begins run clear, 
the sluice-gates are gradually closed and the reservoir filled for use dur- 
ing the subsequent irrigation season. this method operation silting 
the Aswan Reservoir has been far, and probably will be, entirely avoided. 
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Algeria, the Habra and Hamiz Reservoirs, considerable success hag 
been attained opening sluice-gates relatively small discharging capacity 
the dams the close the irrigation season and allowing the stream 
cut through the silt deposits, carrying out substantial quantities. 

Bhatgurk Reservoir (5c) the Yeluand River, Bombay, India, com- 
pleted 1892, provided with twenty under-sluices, each 
cross-section. The operations these scouring sluices have appreciable 
effect silt already deposited, but having sufficient capacity pass the 
average flood, the greater part the silt carried off while yet 
suspension. 

the Reservoir there were three 14-in. outlet gates the tower, 
two which became useless silting. The outlet tunnel through the dam 
ft. diameter. 1931, 6-ft sluice-gate was installed the 
gate tower Elevation 950. When first opened there immediately followed 
flow water and silt under 40-ft head sufficient fill the tunnel. From 
July October 15, 1931, 500 acre-ft (807 500 yd) silt were sluiced 
out this reservoir. 

Silt Control the Water-Shed.—Streams draining areas arid climates, 
where fine sedimentary materials occur, are always silt laden. Many such 
streams are ephemeral; that is, they flow during storm periods only. Their 
valleys are alluvial deposits that may built during long periods 
years and then appear suffer fairly rapid degrading, the causes which 
are complex and not fully understood. Among such streams are the 
Pecos, Puerco, Chaco, and Gila Rivers. 

quite well established that good growth grasses very effec- 
tive holding the soil. Where the precipitation sufficient maintain 
forests, extensive soil removal prevented during ordinary amounts 
precipitation. During heavy rains, causing extreme floods, neither grasses 
nor forests can prevent extensive erosion. 

the River water-shed, silt control was begun 1923 
Nutria Creek was found supplying most the silt, and systematic pro- 
tective measures this tributary were undertaken. Brush and rock checks 
were built across the main and tributary arroyos critical points sufficiently 
close together form new and flatter gradient for the streams. sharp 
bends and elsewhere critical points rock and brush mattresses were con- 
structed prevent excessive cutting and consequent bank caving. 

This work has been continued. Each year additional protective works 
have been built and the old structures maintained. Fig. shows the silt 
deposits Reservoir. Note the diminution the rate silting after 
protective measures were undertaken 1923. 

The Rio Puerco one the main silt-bearing streams tributary the 
Rio Grande above Elephant Butte Reservoir. This water-shed 
the subject special study behalf the Middle Rio Grande Conservancy 
District (10). former years, this river had discontinuous channel, the 
valley floor having goodly portion broad, grassy marshy areas 
which moderate flood waters passed thin sheets. other places there was 
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definite channel, about deep and 100 ft, more, width. About 
1885, the river began progressive degrading its channel from its mouth 
stream. arroyo with many tributaries now exists well toward the 
head-waters. Surveys show that this main arroyo 150 miles long and 
averages depth and 285 width. The original channel had only 
about 12% the volume the present channel. These arroyos are being 
widened caving banks and transportation the silt into the Rio 
Grande and into Elephant Butte Reservoir. has been estimated that 
during the years prior 1927 total 395000 acre-ft silt has been 
eroded from the valley floor Rio Puerco and its tributary channels. This 
average 9400 acre-ft per and nearly one-half the average de- 
posits Elephant Butte Reservoir. Protective measures have been planned, 
but date have not been undertaken. 

Excluding Silt from Canals—The problem preventing débris from 
entering canals diverting from silt-bearing streams has occupied the serious 
attention engineers the world over. 

streams that run clear ordinary stages, but carry coarse bed 
load, the best solution has been found construct the canal gates parallel 
the shore the stream and provide them with flash-board over-flow 
gates that the water taken into the canal skimmed off the surface. 
the water raised dam, sluice-gate provided that débris deposited 
front the gates can sluiced away and passed down the river 
whenever surplus water available for sluicing. 

streams that carry considerable suspended silt addition bed load, 
settling basins have been used—located immediately below conjunction 
with the head-works, with provisions for periodically sluicing the deposits 
back into the river. One the best examples this method silt control 
afforded the head-works the Fort Laramie Canal, the Bureau 
the Whalen Diversion Dam the North Platte River, 
Wyoming (6d). 

All-American streams heavily laden with fine suspended silts, 
such the Colorado River, desilting serious problem. account 
the slowness with which this silt settles even still water, enormous settling 
basins are required. Studies are now (1934) under way for the head-works 
the All-American Canal from the Lower Colorado River. The intake 
structure planned located about miles above Yuma, Ariz. Enormous 
desilting basins have been included the preliminary designs. 

Rothery, Am. E., has advanced (27) the theory that, 
this stream, exclusion the bed load from the canal stream greater 
importance than exclusion the suspended load. 

The Laguna Dam, the Colorado River, was completed 1909. The 
head-works follow closely the design for silt-laden streams developed 
India and Egypt. Three similar dams the Nile River had been constructed 
during the fifteen years preceding the design the Laguna Dam. The dam 
high, 800 long, and raises the water low water. backs 
water about miles stream, creating settling basin. This basin silted 
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soon after the dam was put operation. the ends the dam long 
sluice-way provided which takes water from this basin. long skimming 
weir with crest flash-boards the land side this sluice-way forms the 
head-gates proper, the canal. The end the sluice-way provided with 
three large gates sufficient capacity pass 000 per sec. Fig. 
general plan the structure. 


PLAN 


Colorado 


~ 


CALIFORNIA 


Fic. 4.—PLAN oF Lacuna Dam. 


Experiments the efficiency the desilting works Laguna Dam 
ing August and October, 1918, showed that the water the main canal 
the head contained 57% less silt than that the river above the dam 

India.—Much study and experimentation have been devoted 
methods preventing silts being taken into the large canal systems from the 
heavily silt-laden streams India. general, diversion means 
low dam barrage. Several canals may head from one diversion dam and 
generally from both sides the river. 

stream alluvium consists bends, straight reaches, and inflection 
points between bends. The latter are also called “crossings”. bend 
the top flows toward the concave bank and the bottom filaments flow toward the 
convex The effect this phenomenon cause the bed load 
drawn the convex side the bend. canal, therefore, that heads the 
concave side bend will receive less bed load than 
the other side. 

The Indian practice construct dividing wall extending stream 
from the barrage and reaching above high water. This wall forms ap- 
proach channel the canal intake. Fig. shows plan the Ferozepore 
Barrage, Sutlej River. Two dividing walls are provided. Under-sluices 
are sometimes placed the dividing wall opposite the canal gates order 
draw the bed load sand away from the intake. 

Passing Silt the Land.—Silt that passes into the canal the head- 
works must cleaned every year from the canal system 
distributaries are designed and constructed carry the silt through them 
the land irrigated, discharge through waste channels. The laws 
silt transportation have already been discussed. The practice India 
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state, thus far, the United States, the behavior canals erratic 
and the laws silt transportation are imperfectly understood, that 
one has succeeded designing canal system for the Western silt-laden 
rivers that makes possible pass the silt the lands. Certain reaches 
certain canals have been observed practically non-silting and non- 
scouring for flows near the maximum. For lower flows that must carried 
during part the season, however, extensive silting inevitably results. 


Railway Bridge 


all 


Right Guide Bank 
Left Guide Bank 


Right Divide 
Left Divide Wall 


Weir Crest 
eo 


The Imperial Irrigation District part the delta the 
Colorado River. The main canal diverts from the river the Rockwood 
Heading, short distance above the International Boundary. This structure 
concrete, built parallel the river bank. consists seventy-five 
openings controlled flash-boards, which the river surface may 
skimmed, thus excluding part least the heavier material. There 
dam except low brush-and-rock affair built during some years the 
low-water period. Silt that enters the canal removed The canal 
diverts between 2000 and 6000 per sec from the river during the 
irrigation season. From the head-works this canal 
silt were removed dredging during the three seasons, 

The suspended silt found throughout this Canal System varies from 
per 1000 weight during the height the irrigation season. Practically 
all the suspended silt fine that will pass 200-mesh sieve, and the 
greater part passes 300-mesh sieve velocity per sec will 
maintain this silt suspension. 

Experience the Imperial Valley seems prove that would cheaper 
remove the silt from the Canal System machinery than pass to, 
and care for on, the cropped lands The quantity silt removed 
from the Canal System machinery approximately 250000 per 
annum (58), which one-third taken out dredges the head-works. 
This large quantity material handle each year, but rela- 
tively small part the amount taken into the system. 1914, 30000000 
sediment were taken the Hanlon Head-Gate. About 000 000 
were removed machinery from the System, leaving 000000 
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hold the silt the Canal System from which could dredged cheaply; 

The disposal silt irrigation systems supplied the Colorado River 
and similar silt-laden streams constitutes serious problem, for which 
adequate solution has yet been found. 


Exposed rocks disintegrate into soil varied and complex mechanical 
and chemical processes. Rain water dissolves certain constituents; enters 
crevices, freezes, and spalls off blocks and particles. Chemical agents the 
air re-act with those the rocks, causing them break down and even 
crumble into dust. Wind, rain, and streams transport the soils thus made 
lakes and oceans, sorting and depositing them layers beds sometimes 
thousands feet thickness. Infiltration limes other cementing 
agents, great pressure from superimposed beds, intense heat, activity, 
and subsequent cooling re-convert these deposits into limestones, shales, sand- 
stones, and various types crystalline metamorphic rocks with infinite 
gradations and modulations effected great complexity forces and 
factors. Upheavals and erosion expose them again disintegrating influ- 
ences, and the cycle repeated with infinite variety. 

Sedimentation that phase the geological cycle involving water trans- 
portation and deposition. rill and river performs its allotted part 
this process. Lakes and valleys are filled, great deltas extend fan-like into 
oceans, creating alluvial plains. The densely populous plains the Nile, 
Ganges, Mississippi, and Yellow Rivers are the results such sedimentation 
processes. 

Most streams run fairly clear low stages, but while doing they may 
move quantities sand and detritus along their beds. high stages 
suspended silt load develops and the stream said run 
every slackening the velocity both suspended load and bed-carried material 
are deposited, forming bars, berms, deltas, valleys, and alluvial plains. 

Some rivers carry suspended load all times. Generally, these rivers 
drain arid semi-arid areas. appears that areas abundant pre- 
cipitation the streams are capable carrying off all the detritus resulting 
from rock disintegration fast accumulates. The result that the 
streams run clear except times flood. arid areas the débris from 
disintegration may remain place for many years until unusual rain- 
fall (cloudburst) occurs, when great quantities silts are transported. 
the drainage area large enough and has many tributaries, the “unusual” 
rainfall almost continuously occurring successively some places. This 
keeps the main stream continually supplied with abundance silt, which 
must carry all stages. such, are the water-sheds the Rio Grande, 
the Colorado, Missouri, Colorado River Texas, Yellow, and Indus Rivers. 

The character the drainage area and its vegetable covering are all- 
important factors. the rocks the area are sedimentaries, such 
sandstone, clays, and shales, disintegration processes produce large quantities 
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fine soils. forests exist this soil effectively held place against 
ordinary rains, but the forest rapidly loses its efficacy prevent erosion 
times intense rainfall. the area too dry for forests, the soil may 
still held effectively substantial growths grasses and small brush. 
too arid for small growth, the soil lies the mercy every shower. 

Bank cutting fruitful source sediment. The process moving 
soil from the mountains the sea consists infinite number starts 
and stops. bar formed during this flood that may not moved for 
many years. alluvial valley built during centuries sedimentation 
and then deleted under new set cultural climatic conditions. Alluvial 
streams build their and banks higher than the surrounding plain, 
process which, however, can not continue indefinitely. flood breaks the 
banks and the river finds new channel, cutting out the deposits had itself 
laid down earlier years. The Yellow River built its channel until the 
water surface was above its plain. During the floods 1851 1853 
broke its bank, inundated miles cultivated valley, snuffed out 
million lives, and found new mouth 500 miles the north its former 
outlet. This river mud often referred “China’s Sorrow” 

The Missouri River always muddy its lower reaches. Its Indian 
name means “Big Muddy”. receives much silt from the clay beds 
the Bad Lands South Dakota and from the enormous areas shale 
Montana and elsewhere its upper valley, and, addition, takes continuous 
toll from its bank through the alluvial plain through which flows. 

The Colorado River becomes silt-laden stream after passes into Utah. 
Much its drainage area arid quite void vegetation. Floods 
from local rains occur great diversity its many ephemeral tributaries 
that keep the main stream loaded with silt. These characteristics also apply 
varying degrees the Rio Grande, the Colorado River Texas, the Brazos, 
Trinity, and many other Southwestern streams. 

The Yellow River Northern China carries nearly twice much silt 
per annum the Mississippi. Its drainage area largely covered with 
loess, yellowish, friable, wind-blown deposit fine sands and dust-like 
soil that carried away with every rainfall, keeping the streams continually 
surcharged. Its name and that the Yellow Sea into which flows 
derived from the color this loess gives the water. 

India, all the great rivers are silt-laden streams. Between the 
Himalayas and the Indian Peninsula lie the great alluvial plains watered 
three great river systems. The Indus, with its principal tributary, 
the Sutlej, waters the western portion; the eastern portion drained the 
Brahmaputra; while between them lies the Ganges. 

The Indus Valley quite arid and covered with fine silts and 
wind-blown sands. The Ganges and Brahmaputra areas have seasonal 
climate. Parts these areas are seasonally dry; irrigation profitable. 
From these areas enormous quantities silts are supplied the rivers 
that the streams flow broad alluvial deposits, which although about 
thick, are nevertheless geologically recent. 
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The Nile perhaps the most famous river history. The silts deposited 
the lands the time its annual inundation have made the fertile 
Lower Egypt. The Nile carries annually 000 000 tons silt, which 
000 000 remains the land and 000 000 carried into the Mediterranean 
Sea. ordinary stages, the Upper Nile fairly clear, but flood periods 
chocolate color from the brown soils the Abyssinian plateaus 
brought the Sobat, Blue Nile, and Atbara, which streams are the chief 
sources the Nile floods. 

The Rio Puerco drains 700 miles Western New Mexico. The name 
means “dirty river”. and its neighbouring stream, Rio Salado, are sources 
abundant quantities silt the Rio Grande pour these silts into 
that stream above Elephant Butte Reservoir. Because this fact Rio 
Puerco has been the subject special study from geological standpoint 
Kirk Bryan, Professor Geology, Harvard University, and from 
engineering point view Mr. George Post (10). Because their report 
contains data that are essentially applicable many other streams, they 
will presented quite typical the silt-bearing ephemeral streams the 
arid Southwest. 

The silts move only during floods— quick rush muddy water down 
dry channel immediately following rain. Rio Puerco has always carried 
large quantities silt into the Rio Grande, but this quantity has been in- 
creased materially recent years. The investigation was prompted the 
hope and belief that the channel would rehabilitated and the silt charge 
greatly reduced. 

When first known, the main stream and its tributaries were process 
alluviation. The valleys were plains over which muddy floods spread out 
flowed discontinuous channels. places, these channels may have been 
deep and 100 ft, more, wide, but they were interspersed 
broad, flat, marshy areas over which the water spread sheets. About 1885, 
new arroyo began form the mouth and cut stream, until the 
channel now continuous for 150 miles and averages depth and 285 
width. 

order better understand this process, Figs. and have been 
reproduced (10), showing how the alluvial valley was formed and how degrada- 
tion now appears progressing the Valley Rio Puerco. 

The silts come mainly from the disintegration Cretaceous rocks that 
cover about one-half the drainage area. The characteristic topography 
the silt-producing areas consists mesas underlaid sandstone lying 
tween broad valleys eroded the shales (Fig. 6). The sandstone cliff 
undermined the more rapidly eroding shale and breaks off along joint 
planes. These pieces weather into sands, while the shale base forms clays. 
The valleys become filled with fine argillaceous sands that are eroded easily 
unless held grass sod other vegetation. are formed the 
steep hillsides that end deltaic fans formed silts deposited 
the valley floor. These deposits form cracks when dried, creating vertical joint 
planes the mass. When such deposits form the banks stream, they 
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are easily undermined; the banks cave off blocks, crumble, and become 
the suspended load the stream. 

Rio Puerco began degrading its valley about fifty years ago. 
shows the successive events they have been pieced together 
inquiry and geological evidence. The silt derived from the valley walls was 
carried over the surface and down stream through discontinuous channels, 
intermittently the floods. This condition shown Fig. 7(a). With 
the cutting the arroyos, the present period abnormal erosion degrad- 
ing process began (Fig. 7(b)). The rate silt production passes through 
cycle. When the main arroyo narrow and increasing 
stream, the rate silt production increasing. When becomes con- 
tinuous channel the widening process begins (Fig. 7(c)). this stage, the 
rate silt production has reached maximum. When the channel becomes 
wide that the only touch its sides lightly intermittently, bank 
caving and consequent silt production begin diminish. 

time will come when the entire slice alluvium above the new grades 
the main and tributary arroyos shall have been removed (Fig. 7(d)). The 
valley then reverts the condition shown Fig. 7(a), but lower level. 
process alluviation then sets that tends build the valley floor 
some higher level. After this has been accomplished, the cycle degrad- 
ing will repeated. 

Abundant evidences were found the Valley the Rio Puerco earlier 
cycles alluviation and subsequent degrading. map the present 
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channel superimposed over ancient one. The present arroyo has nearly 
vertical banks, height and 180 500 apart. The outcrops the 
buried ancient channel are readily distinguishable because its filling lighter 
color than that the present valley alluvium. The bed the ancient 
channel was about the same level the present channel and varied from 
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Traces other channels were found, but not mapped. These buried chan- 
nels represent period erosion and degrading similar that going 
present. Each was followed period alluviation, that completely 
obliterated traces old arroyos and general made plain the valley 
floor over which the flood waters could spread and continue the upbuilding 
the valley. 

Another famous example cycle alluviation and degrading has been 
found the Rio Chaco (10a), (78). Pueblo Bonito, arroyo from 
150 450 wide and deep exists present similar all re- 
spects the one Rio Puerco. This arroyo has been cut since 1860. Pottery 
and charcoal, depths ft, more, are found the valley alluvium 
showing that this alluviation oceurred during its occupancy pre-historic 
peoples. After Pueblo Bonito and other large pueblos were built and 
cupied, arroyo was cut through the valley floor and later filled 
alluviation its original level. Where this buried channel outcrops the 
walls the present arroyo, pottery very recent occupancy found, while 
similar depths the main valley fill only pottery much earlier periods 
has been discovered. 

This ancient arroyo does not coincide with the present one, but crossed, 
touched, and re-crossed it. The ancient channel may traced for about 
five miles. tells the same story periods degrading followed periods 
alluviation. 

These ancient peoples probably subsisted largely “flood-water farming”. 
When the ancient arroyo was cut the valley about the end the Great 
Pueblo period, rendered such farming methods impossible. This has been 
assigned Professor Bryan possible reason for the abandonment 
these Indian villages (79a). subsequent period alluviation filled this 
arroyo and probably permitted The present period constitutes 
another cycle degradation. 

The River has been the subject study similar that the 
Rio Puerco (10c). ephemeral stream, carrying only flood waters 
and large quantities silt. The drainage basin consists mainly plateaus and 
mesas underlaid sandstone and shale. the Rio 
Puerco its silt derived mainly from the erosion the banks arroyos 
the valley fill. This stream also undergoing process degrad- 
ing its valley floor. 

Ancient channels have been found the Valley River, also, that 
attest earlier periods alluviation and degradation. Fig. sketch 
such ancient channel exposed the high banks Nutria Creek. 

Causes Valley Degradation—No complete explanation for these cycles 
alluviation and degrading has yet been found. The potent, factors are 
deep seated and are quite certainly beyond Man’s power alleviate any 
great extent, except certain favored situations. The cause probably 
found climatic influences, and the physics sedimentation applied 
the moulding stream valleys. During period alluviation the slope 
the valley flattened. time, becomes too flat for the stream 
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carry its normal flood waters. period channel cutting ensues. This 
process degradation carried beyond the balance point, and period 


Buried Channel! 


Main Valley Fill 
Band 


Channel 


Fic. 9.—ANCIENT CHANNEL EXPOSED IN PRESENT ARROYO, 
RIVER. 


alluviation sets in. Thus, valley building appears endless succession 
periods alluviation and degradation. 
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DISCUSSION 


Harry Jun. Am. Soc. (by gathering data 
from many sources all over the world, Mr. Stevens has shown clearly the 
many interrelated questions involved the silt problem, and the need for 
continued research these subjects. the population continues increase 
and becomes necessary conserve more fully the water resources the 
United States, the problems discussed this paper and the need for more data 
concerning them will become increasingly important. 

immediate interest those charge the construction reservoirs 
along streams, especially the more arid sections the country, are the 
quantities silt carried streams into any proposed reservoirs and 
the conditions and volume deposit that silt the reservoirs under 

The quantity suspended material.carried stream can deter- 
mined with sufficient accuracy, regular samplings, preferably taken daily, 
and such sampling stations should established silt-laden streams 
which have possible reservoir sites that long period may 
obtained possible before each reservoir constructed. The quantity bed- 
load rolled along the the bottom any location more difficult problem 
determine and much research remains order perfect means measur- 
ing this bed-load. The bed-load should measured, possible, the same 
stations the suspended silt and throughout the same period time. The 
conditions and volume silt deposits reservoirs under different conditions 
operation are known vary widely, and much research still necessary 
this field—especially through studies and surveys existing silt 
before complete information will available. this regard, each reservoir 
investigated, detailed study should made the contributing water- 
shed, including its geology, topography, vegetal cover, and other pertinent 
characteristics. 

Mr. Stevens states that the rate silt deposition diminishes the 
reservoir fills, due continually lessening volume quiet water, with 
the result that more silt carried over the spillway, and also that during 
extreme floods earlier deposits may picked and carried out the 
reservoir. This, course, true ultimately all reservoirs. However, 
any large reservoir which the capacity above the spillway sluice-way 
large compared with the inflow, will generally many years before such 
effect will occur any appreciable extent. Faris, Am. E., 
states’ 


“Suspended silt settles the reservoir bottom soon after entering the 
slack water and, having greater specific gravity than water, flows, 
the form liquid mud, down the slopes into depressions and along the main 
channel until blocked the dam. Owing its greater density, silt-charged 
water entering reservoir partly filled with clear water does not mingle with 


Asst. Irrig. Engr., Dept. Agriculture, Board Water Engrs., Austin, Tex. 


Silt Load Texas Streams,” Orville Faris, Am. Soc. B., Technical 
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the clear, but forces down stream toward the dam. suspended silt 
carried through the reservoir and over the spillway until all the clear 
water has been discharged.” 


the other hand, small reservoirs (those which the capacity 
relatively small compared the inflow during floods and which stream 
conditions prevail during floods rather than reservoir conditions), many dif- 
ferent effects may occur. For instance, one flood may deposit large quanti- 
ties material and one may clean large volumes this material from 
the reservoir; other cases slope may built the upper side the 
spillway that heavy materials are rolled and over it, finer materials 
are carried over suspension. The exact behavior floods through these 
smaller reservoirs, the deposition and picking material them, and 
the quantity material carried over the spillways are subjects that could 
investigated more thoroughly, because they are constantly being discussed 
when new small regervoirs are proposed built. 

When the level subject fluctuations the which silt 
deposited reservoir also diminishes, general. The reservoir becomes 
filled because greater area the deposited silt exposed during the fluctua- 
tions water surface, and, consequently, these later deposits are more dense. 
The increase the density these later deposits depends not only the 
frequency wetting and drying, but also the nature the particles 
which the silt composed. 

Since the summer 1924, the Texas has been studied 
the Bureau Agricultural Engineering the Department Agri- 
culture (the Division Agricultural Engineering the Bureau Public 
Roads prior July 1934), co-operation with the Texas Board Water 
Engineers. 

Tens thousands samples the water have been taken from the 
principal streams Texas twenty-three regular sampling stations, and 
the quantity silt has been determined these stations over varying periods 
time. Miscellaneous samples have also been taken various other locations 
throughout the State. Conditions silt several the reservoirs 
the State have been studied detail, and other phases the silt problem 
have been investigated, including the quantity bed-load carried streams, 
the distribution the silt throughout the cross-section the stream, the 
relationship the quantity silt the velocity, and the size and character 
the particles composing the silt deposits, both the reservoirs and along 
the stream channels. This co-operative work was under the direction the 
late Robert Grier Hemphill, Assoc. Am. Soc. E., until his death 
1930; then under that Mr. Faris until the end 1933; and, under the 
writer, since April, 1934. 

The results this silt investigation the end the year 1930 were 
published September, 1933.’ Only small part the results this 
intensive silt investigation Texas have been given Mr. Stevens’ paper. 

September, 1925, time low stage, silt survey was made 
Medina Reservoir, the Medina River, about miles northwest San 
Antonio, Tex. The drainage area this reservoir 587 miles, the larger 
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part which brush-covered grazing land, with range elevation 
from 1000 above sea level, and with average rainfall in. 
The storage capacity the elevation the spillway crest was 254 000 acre-ft 
when the reservoir was constructed. After thirteen years operation, 
1925, this reservoir contained 692 acre-ft deposited silt, only 1.06% 
the total capacity the reservoir when constructed. This represents 
yearly average 207 acre-ft, 0.35 acre-ft per mile water-shed 
per year. This deposited material had average dry weight per 
when the survey was made 1925, but five years later, owing exposure 
the sun and atmosphere various times during the five years, the average 
dry weight the material place was estimated 63.6 per ft. 
other words, the 692 acre-ft deposited silt measured 1925 had shrunk 
only 1270 acre-ft 1930, only 0.50% the total capacity the 
reservoir when, constructed. 

Measurements the average weight dried silt per cubic foot material 
place, taken several reservoirs, vary from per ft, when 
the deposited material has been under water all times, 100 per 
ft, even higher, locations where the deposits were subject alternate 
wetting and drying, these values differing each case not only due dif- 
ferent conditions operation the reservoirs, but also the varying 
gradations and sizes the particles which the deposits are composed. Due 
varying characteristics large drainage areas and the varying conditions 
under which reservoirs are operated, has been impossible set definite 
value for the dry weight the deposited silt. However, after considering 
all factors entering into the problems, including the fact that indeter- 
minable quantity vegetable matter deposits also and lasts indefinitely, 
mate figure for reservoirs which silt deposits are subject alternate 
wetting and drying. 

Samples dried silt from reservoir deposits had average specific 
gravity about 2.65, whereas samples taken from suspension and from which 
vegetable matter was excluded, had average specific gravity 2.73. 
Mechanical analyses various samples suspended silt from the streams 
Texas showed the average more than 97% passing the No. 300 sieve. 
the liquid mud taken from the Medina Reservoir, 99.5% passed the No. 300 
sieve; and the silt samples taken the deposited material Lake Worth, 
only one showed greater than 0.2% retained the No. 300 sieve. 

direct relation was found between the volume suspended silt carried 
and the velocity the stream. the cases considered, capacity 
loads were not even approached and the quantity carried was function 
loading only. 

Table gives records (which are similar to, but which are not included in, 
Table Mr. Stevens’ paper) silt carried the streams the several 
silt-sampling stations the end 1930. several these stations, especi- 
ally those the upper reaches the Brazos River water-shed, the flow 
intermittent, sometimes many days even several months elapsing without 
any flow past some these stations. 
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Drainage Quanti 
Item No. Stream Locality square Period thou- 
acre-feet 
period period 
Double 980 6/4-12/31/24 .... 10.9 21.6 0.32 
Fork, Brazos 1925 .... 130.5 28.3 5.02 
1926 314.9 19.5 
1927 64.6 18.3 1.61 
Jan. Dec., 1928 119.8 | 25.6 4.17 
Jan.-Dec., 1929 113.0 | 22.4 3.4 
1930 176.1 31.5 7.56 
1/1-8/29/25 104.4 32.5 
Clear Fork, Brazos} Crystal Falls 4 320 | Sept.-Dec., 1925 105.9 | 2.3 0.33 
an.-Dec. (except 
June), 1926 139.7} 1.7 0.33 
Jan.-Dec., 1927 125.0} 2.8 0.47 
1925 3.7 0.61 
1925 .... 398.3 23.1 
Jan.-Dec., 1926 605.3 | 16.1 13.28 
1927 100.6 10.2 
Jan.-Dec., 1928 225.4 | 20.3 6.23 
jan.-Dec., 1929 231.4 | 16.2 5.10 
1925 149.5 12.7 19.93 
Jan.-Dec., 1926 9.5 17.71 
Jan.-Dec., 1927 443.6) 4.4 2.66 
Jan.-Dec., 1929 | .... 756.1 | 8.9 9.14 
Jan.-Dec., 1930 1 697.6] 7.8 18.02 
Jan.-Dec., 1925 | .... | 1 119.8 | 11.1 16.85 
July-Oct., 1928 5.7 3.49 
Jan.-Aug., 1929 516.9} 8.1 6.73 
Jan.-Dec., 1925 .... 268.8 10.9 
Jan.-Dec., 1926 .... 9.1 
Jan.-Dec., 1928 1375.2] 8.3 15.00 
Jan.-Dec., 1925 22.74 
Jan.-Dec., 1926 7 843.0} 4.2 44.40 - 
Jan.-Dec., 1928 6.1 
Jan.-Dec., 1929 6 429.5 | 3.8 $3.61 


Number observations for entire period. 
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TABLE 9.—(Continued) 


Drainage ntity 
Item No. Stream Locality square Period , in thou- of tons 
miles sands thou- |(2 
Jan.-Dec., 1925 | 3.5 1.07 
Jan.-Dec. 1927 A; 18 1.59 
Jan.-Dec., 1928 8} 1.6 0.53 
1/1-6/27/29 Al 17 0.26 
San Circleville. 602 6/7-12/31/24 0.08 0.0024 
4 Jan.-Dec., 1925 | 2.7 0.23 
1926 2.6 0.70 
Jan.-Dec., 1927 166.5 | 1.6 0.37 
Jan.-Dec., 1928 36.5 | 0.3 0.015 
Jan.-Oct., 1929 112.8 | 3.3 0.51 
Colorado of Texas.} San Saba... .. 30 600 9/11-12/31/30 1071.1} 3.2 4.60 
Jan.-Dec., 1928 | .... 896.0) 3.6 4.42 
Jan.-Dec., 1929 | ... 762.0 | 3.7 3.88 
Jan.-Dec., 1930 | .... | 1763.5 | 3.1 7.46 
3 639.7; 3.3 16.57 
8/3-12/31/30 1 671.5 3.8 8.04 
9/13-12/31/27 | .... 24.9) 0.5 0.016 
Jan.-Dec,, 1928 | .... 117.3; 1.8 0.29 
Jan.-Dec., 1929 | ... 181.2} 2.1 0.51 
Jan.-Dec., 1930 | .... 87.2) 0.5 0.056 
1.6 0.88 
Oct.-Dee., 1927 119.1) 1.1 0.18 
Jan.-Dec., 1928 245.1) 1.5 0.51 
Jan.-Dec., 1929 770.4) 1.2 1.29 
Jan.-Dec., 1930 572.4; 0.9 0.73 


Number observations for entire period. 


water resources for water supply, water power, irrigation, and navigation 
becoming more thorough, and the control floods streams the United 
States growing more urgent, the silt problem which Mr. Stevens inter- 
estingly describes, increasing importance yearly; the future, 
doubt, will even more vital. order find adequate solutions for the 
present and prospective silt problems, more complete development 
the governing laws necessary. present, this science undeveloped 
state. Although much progress has been made, the problem very complex, 
due the large number variables involved, and much remains 
accomplished before satisfactory science will have been developed. 

Like other phases hydraulic engineering, present knowledge the 
mechanics the solids load streams has been gradual growth, with its 
beginning many years ago. Probably the first scientific approach was made 


Hydr. Eng., Univ Iowa, Iowa City, Iowa. 
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Guglielmini near the end the Seventeenth Century. developed 
laws governing fluvial phenomena, connection with the control the 
River Italy. The problem first assumed importance the United 
States connection with the controversies which arose over the control 
the floods the Mississippi River and the construction jetties for naviga- 
tion improvement its mouth. observations suspended load 
were made the studies Humphreys and Abbot near the middle the 
Nineteenth Century, and the conclusions they reached were variance with 
current opinion. These results led violent controversy with the late 
James Eads, Am. Soe. E., who about 1875 proposed deepen the 
river mouths jetties, and this discussion created considerable interest 
solids load phenomena. Upon the formation the Mississippi River Com- 
mission 1879, extensive silt measurements were begun the Mississippi 
and its principal tributaries, but were continued only two three years. Except 
for the excellent summary the studies engineers all over the world pub- 
lished Dr. Hooker little progress was made this country 
this problem until the work Gilbert about More recently, 
valuable work the filling reservoirs has been done 
Am. comprehensive description the silt problem the 
Lower Colorado was published the late Carl Ewald Grunsky, Past-President, 
Am. Soc. 1929. Another excellent the Colorado River 
that the late Samuel Fortier, Am. Soc. E., and Blaney, 
Assoc. Am. Soe. 


The last few years, however, have seen active this subject 


this country due largely the return the Freeman Scholars from 


Europe, where active work has been going for many years, and the 
importance which the problem has assumed connection with the control 
ihe Mississippi, Missouri, and Colorado Rivers, and number beach 
and harbor problems. now, has recently been, under active 
study-at the Waterways Experiment Station Vicksburg, Miss., the 
National Hydraulic Laboratory, the Bureau Reclamation Laboratory, and 
the laboratories the Universities California, Iowa, Minnesota, and the 
Institute Technology. The result this activity has been 
considerable increase knowledge the science transportation and con- 
trol the solids load. 

Because the great range conditions, the solids load problems the 
United States have had many aspects. The principal ones were the silting 
reservoirs and the control rivers, generally fine material, for navigation 
improvement. The problems other countries have also depended local 


Suspension Solids Flowing Water,” Transactions, Am. Soc. 
Vol. XXXVI (1896), p. 

Running Water,” Geological Survey, Professional 
Paper No. 86; and “Hydraulic Mining Débris the Nevada,” Geological 
Survey, Professional Paper No. 105. 

1681; and Reservoirs,” Bulletin Univ. Texas, 1930. 

Transportation the Sacramento and Rivers and the Imperial 
Canal,” Transactions, Am. Soc. Vol. (1980), 1104. 


the Colorado River and Its Relation Irrigation,” Technical Bulletin 67, 
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conditions. Formerly, the studies Europe dealt principally with the con- 
trol rivers for navigation, and were concerned with bed-load movement, 
generally relatively coarse material. More recently there has been con- 
siderable interest the bed-load movement finer material, outgrowth 
efforts represent the relatively coarse river bed material finer 
material model tests. The control mountain torrents has also assumed 
considerable importance recent years, and excellent studies are now 
(1935) being made the suspended load problem. 

Another large field for these studies has been the irrigation systems 
India. There the investigations have been confined almost entirely design- 
ing stable channel sections and the elimination silt from canal intakes. 
The first these was the classical paper Kennedy,“ published 
1895. This was followed papers Messrs. Lindley, Woods, Bottomley, 
and Griffith and, finally, the paper Gerald The latter paper has 
stirred considerable interest the and thorough research 
progress several the Provinces determine the various factors con- 
trolling stable channel shapes. 

recent years, the silt problem the Nile has been thoroughly studied 
its relation the silting the irrigation ditches leading from it, but little 
has been published regarding the results. the last few years considerable 
attention has been given the silt the rivers China. that country 
the problem probably more vital than any other. The floods the 
rivers North China are largely due the tremendous loads sediment 
brought down from their loess-covered drainage areas. The famous floods 
and channel changes the Yellow are due this cause. The silt 
concentrations these rivers sometimes attain surprising values. Eliassen, 
Assoc. Am. reports that the Ching River, “silt contents 
48% weight were observed, and one time 51%. The silt content 
often went above 30% and would stay above 30% for~several 
also states that the 1933 flood the Yellow River Sanchow Honan car- 
ried 39% weight. Todd, Am. E., has reported 23.09% 
weight the Fen River,” and maximum 38% weight has been 
reported the Yung Ting River.” The only records the United States 
comparable with these, far the writer knows, are those the San Juan 
River, tributary the Colorado. maximum 40.8% weight has 
been reported for this river Howard and Love.” 

may seem queer that little progress toward the development 
definite science should made subject which much study has 
been given, but when one reflects how many factors are involved, 


Vol. 119, 281, 1895. 


“Stable Channels Alluvium,’ Minutes Proceedings, Inst. Vol. 229, 259. 


Problems China,” the late John Freeman, Past- and 
Hon. Am. Soc. E., Transactions, Am. Soc. E., Vol. LXXXV (1922 436. 


Journal, Chinese and American Engrs., September, 1935, 29. 
*Fen Rept., 1933, Plate XXVI. 
Rept. the Radical Improvement Scheme for the Yung Ting Ho. 
Engineering News-Record, Vol. 105, 620. 
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not surprising. The material transported any section stream the 
result the interaction two groups factors. the first group are 
those which influence the quantity and quality the load brought 
that section the stream. the second group are factors which influence 
the capacity the stream transport load. tentative list these 
follows (these are not all independent and, some cases, their effect 
not definitely 


Group 1.—Solids Brought Down the Stream.— 


(a) Quality: Size; specifie gravity; shape; and dispersion, 

(b) Quantity: Geology water-shed; magnitude and distribu- 
tion rainfall; vegetal cover; cultivation and grazing; 
erosion. 


Group 2.—Capacity Stream Transport Solids.— 

(a) Shape Stream Prism: Depth; width; form; and align- 
ment. 

(b) Hydraulic Properties the Stream: Slope; roughness, 
hydraulic radius; velocity; velocity distribution; 
lence; tractive force; temperature; and uniformity 
flow. 

Factors Group are subject many variations, not only between 
streams, but also given point one stream, that analysis any case 
quantitative way impracticable. They resemble the factors 
controlling stream run-off, and, the case run-off, about the only way 
they can treated quantitatively observe them over long period 
and reeord the results. Like records stream run-off, solids load records 
are valuable. gathering large number records the 
scattered sources, Mr. Stevens has performed valuable service. Too often 
possible collect sufficient data the load that stream, and recourse 
must had comparisons with loads other streams. For this 
purpose, Mr. Stevens’ data will found invaluable. The present situa- 
tion regard the solids load much the same that which existed 
the case stream run-off the Nineties. the future engineers may 
expect more solids load records collected until data will avail- 
able all the large streams the United States. 

Although the prospect quantitative determination the load brought 
down, derived from the various factors involved, does not seem practical, 
the study the other phase, the capacity stream transport material 
given quality, making considerable progress. The relations between 
number the factors involved from the science hydraulics already 
known and the remaining ones are being subjected close study. 
possible study many the these relations the laboratory where the 
conditions can controlled and the effect varying only one factor 
time observed. 

general, the solids load transported both suspension 
rolling along the bottom bed-load. The intermediate stage saltation 
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usually unimportant. Apparently, the laws governing these two forms 
transportation are different. The most recent work the science bed- 
load movement has been along the line the relation between load and 
tractive force, and solution this problem seems nearer than that the 
suspended load. Considerable study also being given the determination 
laws the transportation solids suspension. For many years this 
has been matter controversy among engineers. thorough 
review the pertinent literature first published about 1896, set forth 
the two principal theories: (1) That the solid material held suspension 
the difference velocities between adjacent filaments water; and 
(2) that held suspension the upward movement currents 
eddies the flowing water. Both these theories are still widely held to-day 
and progress will accelerated when the false one abandoned. The first 
these theories was developed Dupuit™ who rotated glass water 
containing sand grains and from the action the sand concluded that the 
particles tended move toward the fastest moving water, and, therefore, 
were lifted toward the surface stream. 

The writer has never been able accept this theory for several reasons 
One that according there could material suspension above 
the point maximum velocity stream, since above this point the velocity 
gradient would usually downward and, therefore, there would force 
lifting the particles against the force gravity. well known, how- 
ever, that sediment does occur suspension above the point maximum 
velocity. Furthermore, Dupuit’s theory were valid, dredge pipe through 
which water and sand were flowing high velocity, because the high 
velocity gradients which toward the center the pipe, there 
would great forces tending move the material toward the center 
the pipe and hold there. This would leave the remainder the pipe 
filled with practically clear water. such action has been observed. 
third reason that large, deep channels, the differences velocity the 
two sides small particle silt are minute that seems unreasonable 
believe they could generate enough force hold the particle against 
the attraction gravity. 

order inquire more fully into the claims the Dupuit theory, the 
writer has recently experimented with sand revolving glass vessel, 
Dupuit did, and finds much evidence support the turbulence theory that 
Dupuit. result these experiments and the three reasons men- 
tioned previously the writer convinced the fallacy the Dupuit 
explanation the suspension solids flowing water and confirmed 
the belief that solids are carried flowing water the upward currents 
and eddies. 

not difficult, however, account for the persistence the Dupuit 
theory through many years, spite the unanswerable objections which 
have been raised against it. Although the velocity gradient does not produce 
the forces causing the solid particles suspension move against the force 
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gravity, high velocity gradient usually indicates high turbulence, and, 
therefore, region high suspending ability. The velocity gradient and sus- 
pending forces, therefore, are related but not, Dupuit supposed, 
cause and effect relation. 

The most recent studies the suspended load problem from the 
standpoint this country have been along the line relating suspended 
material and turbulence. The work Professors O’Brien and Leighly has 
already been mentioned the paper. Since the paper was written, addi- 
tional paper Professor and one Professor von 
have added much understanding the problem. 

Related the problem turbulence and suspended load transportation 
striking phenomenon which one often sees the surface canal 
stream very muddy water. This streak practically clear water, 
surrounded very turbid water. this phenomenon throws some light 
forces keeping particles suspension was closely observed the 
writer. The cause this phenomenon seems be, follows: When 
the water the surface flowing stream undisturbed for short 
period the silt settles down, leaving the surface thin unnoticed layer 
desilted water. Throughout the stream, however, there are eddy currents 
rising from within the water prism the surface. moving through the 
mass water, they encounter comparatively little resistance their 
ward course, the action the force gravity being balanced 
downward movement equal quantity water another part the 
stream. When they reach the surface and attempt rise higher, their 
motion not balanced equivalent downward motion and their upward 
momentum, which relatively small, quickly overcome the force 
gravity. These upward currents then spread out umbrella shape 
all directions near the surface the stream. two these upward eddies 
come opposite sides any area where there slight layer clear 
water, previously described, the eddies spreading out the surface squeeze 
the clear water layer between them together, until forms narrow streak 
clear water which has sufficient depth apparent any observer. 

addition being noticeable phenomenon, this action probably 
important factor the mechanics the transportation solids sus- 
pension, seems explain the reason why the maximum velocity 
stream occurs below the surface, which must taken into account any 
complete and rational treatment the suspension silt streams. The 
mass water these eddies passing from the bottom moves through 
the main body the water and retards its longitudinal motion somewhat, 
because having originated the bottom, the longitudinal motion the 
eddy slower than the average the mass. The greatest effect, however, 
the surface, where the eddies spread out and join together form the 
top layer, with lower longitudual velocity than the water immediately 


and the Rock Débris The Geographical 
Review, Vol. 24, No. July, 1934. 
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low. The eddies which cause the visible clear-water streaks previously 
mentioned are considerable magnitude, but smaller eddies doubt 
similarly contribute the upper, slow-moving layer. There seems 
reason why the limitation motion imposed the surface the 
stream should not have similar effect the intimate internal motion 
which makes the flowing water. the observation 
the silt transported stream led the writer better understanding 
idea the internal mechanics the flow water open 
channel, seems probable that knowledge the internal mechanics flow- 
ing water and its turbulence may perhaps reached more efficiently the 
study the transportation solids suspension than observations 
clear water flowing channels. 


technical literature the important subject silt movement and control 
are increasing desirable degree. The comprehensive paper Mr. Stevens 
provides notable addition, and the author deserves particular commendation 
for the large amount effort obviously expended the correlation the 
statistical data presented Table The inclusion the large number 
determinations made the Corps Engineers, Army, during the past 
few years throughout the Mississippi Basin, bridges gap existing previous 
tabulations. evident, however, that number the recorded observa- 
tions cover too short period for the determination dependable normals, 
and some caution will have exercised the use the data for such 
purposes. The same true regard part the voluminous data 
abstracted from Water Supply Paper 274 the Geological Survey. For 
example, Item No. Table based measurements made Palisade, 
Colo., 160 days elapsed period 399 days and 1906. The silt 
load value given part per thousand. However, analysis the same 
data reported Water Supply Paper 617 gives 000 000 acre-ft and 700 
tons (950 acre-ft lb) the estimated annual water discharge and silt 
load, respectively. These data give silt load value 0.323 part per thou- 
sand which less than the tabular value about per cent. Similar dis- 
between different interpretations results illustrated Item 
No. Table and others. thus apparent that, for detailed uses, 
the original sources data may desirable. 

The paper refers the reservoir silting problem with considerable emphasis 
the hazards ultimate depletion. The writer prefers view this problem 
with less alarm concerning the possible misfortunes the remote future. 
Somehow, these threatened disasters due “impending exhaustion” differ- 
ent elements natural resources never seem materialize with the serious 
results anticipated. Imminent shortages automatically set motion the 
ingenuity mankind toward the provision substitutes which generally 
serve better than the materials displaced. Consider the lumber situation for 


*Cons. Engr., Piedmont, Calif. 
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example: per capita consumption due rapid imcrease the 
use wood substitutes has relieved the pressure the timber resources 
the United States. Experts concede that “the threat of.a timber famine 
loomed large some years ago has somewhat worn Likewise, 
the case the water power resources; several decades ago extensive 
concern arose over their adequacy meet future requirements. To-day, water 
power development the discard, due the amazing increase the 
efficiency steam-electric generation and the widespread production cheap 
fuels. Past bugaboos relative impending scarcity fuels, farm lands, 
fertilizers, and other resources have gone through same cycles. Present 
fashion tends toward “saving the soil from erosion” and this movement will 
probably have run its 

The accumulation silt, course, one the elements con- 
sidered the case every proposed reservoir. Rapid depletion capacity 
may affect the economic plan the project and, perhaps, even the design 
the dam. Fortunately, however, the problem not serious many cases. 
Rapid depletion capacity rather well restricted the reservoirs the 
silt-laden streams the arid Southwest and those with capacities dispro- 
portionately small relation the area their tributary water-sheds. 

Elephant Butte and Boulder are frequently cited illustrate the transi- 
tory character reservoirs. Silt conditions both structures were fully 
recognized the builders. probable that streams the United States 
have been studied regard silt transportation more thoroughly than the 
Rio Grande and the Colorado River. The excessive débris-producing capacity 
these water-sheds will continuous. Herman Stabler, Soc. 
has showed™ the impracticability arresting erosion these arid regions 
so-called “water-shed protection” methods. 

Actual accumulations silt Elephant Butte Reservoir, since its com- 
pletion 1916, correspond closely with the forecasts based studies made 
prior its construction. Unless serious errors have been made the 
programs these projects, reasonable assume that the capital 
outlays will amortized long before sedimentation the reservoirs seriously 
impairs their usefulness. When that time eventually comes, any desirable 
restoration capacity will problem for the engineer that distant day. 
engineers attempt provide solution now, would propably found 
entirely wrong long before the time arrived for its application. 

the basis present conditions, ultimate construction new storage 
would doubtless considered the proper remedy; but under the unpredict- 
able conditions the dim future dredging, sluicing, some other means may 
found more economic. Moreover, considering the amazing march 
the recent past, conceivable that water storage requirements 
100 hence may entirely different basis than the present. History 
teaches the futility trying peer very far into the future. 


Forestry Land Utilization Raphael Zon, United States 
Daily, July 1, 1932. 


and Fall the Public Domain,” Herman Stabler, Civil 
September, 1932, 541. 
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Various estimates have been made relative the average rate surface 
leveling the United States based silt movement. Mr. Stevens cites 
estimate published twenty-five years ago the Geological Survey 
giving the annual total suspended matter approximately 500 000 000 tons. 
The accumulation more recent data supports the writer’s estimate about 
933 000 000 tons.” The frequently quoted figure 3000000000 tons, attrib- 
uted the Federal Soil Erosion Service, clearly excessive. 


compilation the silting reservoirs which contained this paper 
shows clearly the economic importance the silt problem and the necessity 
for continuation investigations this field. paper Dr. Fritz Orth” 
dealing with the same subject and published almost simultaneously contains 
much additional information, the data given Table 10. All 
the numerical values have been converted the same units those used the 
author. 

The author mentions several estimates the percentage the total 
silt transportation which moves bed-load. Any such estimate must made 
the basis some arbitrary quantitative definition what meant 
bed-load. the tractive force moving the material increases, the region 
bed transportation gradually expands until the concentration near the 
surface becomes appreciable and condition suspension said exist. 
Measurements show, and the theory turbulent flow indicates, that the con- 
centration material should increase downward, the rate increase becoming 
greater for larger materials. When materials suspension are being trans- 
ported over mobile bed containing the same material, doubtful whether 
the bed has well-defined surface along which material could said 
move bed-load. the laboratory, bed-load defined that material 
caught properly designed trap, whereas sedimentation 
reservoirs lakes the difference between the volume material deposited 
and that accounted for measurements suspended sediment and discharge. 
Whatever the definition may be, the percentage bed-load rises abruptly 
100 movement starts and then decreases material thrown far enough 
into the stream classed suspended material. Therefore, different 
for every stage the river. 

Some progress has been made the application the theory turbulent 
flow the distribution suspended and the greatest obstacle 
present the lack precise data. Schmidt™ has developed the basic 
and some data are available for checking it, but much more will 
needed before its validity can fully established. The basic data needed are: 
Measurements the vertical distributions velocity and sediment; and the 
Transactions, Am. Soc. E., Vol. 100 (1936), 315. 


Associate Prof., Mech. Eng., Univ. California, Berkeley. Calif. 


von Staubecken,” von Fritz Orth, Die Bautechnik, June 19, 1934, 
the Theory Turbulent Flow Its Relation Sediment Trans- 
nion, Section Hydrology, 14th Annual Rept., (1933). 


Massenaustauch,” von Schmidt, Grand, Hamburg, Germany, 1925. 
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ORIGINAL 
Period, 
years Total, 
acre- 
feet feet 
1.5 284 
eros 20 8 010 
10.1 950 
33 4910 
0.8 8 810 
5 730 
6 810 
0.8 | ...... 14 810 
270. 152 000 
2.8 340 
1.6 
stadter Reuss 560. 200 
(Bodensee). . 
Loch 
1.6 330 
1.1 1 220 
Steyrdurch- 
6.7 22.5 575 
Monte Reale. |Celina 681 
36.9 
0.5 486 
Marklissa 12.2 152 
Golden- 8.5 
straum 
4.3 
Lake 
490 
Tarcento.... Torre 0.12 12.5 122 
501. 108 
rosbois..... 7.5 150 24 
0.8 17 11 
0.8 20 324 
1.0 46 169 
18 227 
0. 1 24 
000 
8 316 
54. 18 13 000 


Per- 
centage 
of 


original 


capacity 


Oho 


an 


Annv- 
ally, 
acre- 
feet 


fal 
slo 
tic 
99. 
149. 
101. 
146. 
272. 
82.2 138. 
100. 203. 
85.0 66.5 
50.0 
60.1 
25.6 
14.2 142. 
486. 
6.1 
19.5 
1.72| 7.5 
9.6 
16.0 63.2 
100. 9.7 
0.16 
1.4 0.66 
38.1 16.2 
17.0 3.6 
0.8 
24.3 
100 1.2 
62.4 
17 39.7 
721. 
51.9 
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fall-velocity the material suspension. Useful supplementary data are: 
The size the bed material; the hydraulic radius depth; and the energy 
slope. This need mentioned the hope that engineers taking sediment 
samples will also obtain the other data mentioned. 

Table the variation silt deposited per thousand parts water sup- 
ply, volume, from 0.028 16.3. Interesting these data are, they 
not provide means predicting the life proposed reservoir and this 
the principal problem involved. Most the factors causing this wide varia- 
tion are mentioned the author. Further progress this field appears 
require breaking down the problem into two phases, which one the 
volume sediment transported the stream and the other, the characteristics 
reservoirs silt trap. Laboratory and field studies can contribute much 
valuable information these points, but any prediction the rate which 
sediment will transported reservoir necessarily subject all the 
uncertainty involved forecasting stream flow. 

the assumption that given project will continue need the volume 
effective storage originally provided for it, the monetary damage caused 
silting should not computed from the cost the original reservoir but 
from the cost the necessary additions. the sites which are less expensive 
per unit storage are developed first, silting involves increasing rate 
damage proceeds and may ultimately impossible provide sufficient 
storage capacity any cost. present, construction additional reservoirs 
appears the practical solution, but the time may come when by-pass 
channels and other silt-controlling works, costing perhaps more than the dam 
itself, will found economically justified. Such structures are now 
used successfully diversion dams, and seems possible that conditions 
some storage dams might warrant the construction works for diverting 
portion the silt. 


attention facts which have often been overlooked the past. 
The paper valuable contribution the literature the subject silt. 
Since the writer more familiar with conditions along the Lower Colorado 
River and the Middle Rio Grande, this discussion will confined the 
areas served these streams through the reaches mentioned. 

indicated Mr. Stevens, silt menace irrigated agriculture 
some sections. This problem one the most serious confronting the 
people New Mexico to-day, especially the Rio Grande Valley. This 
valley supports about one-third the people the State, well large 
population Texas. The silt problem the Middle Rio Grande may 
divided into three phases: (a) The silting the river channel above Elephant 
Butte Reservoir; (b) the deposition silt the Elephant Butte Reservoir; 
and (c) the accumulation coarser silt the main stream channel below 
the Elephant Butte Dam, due lack seasonal flood flushing. The Federal 
Governments the United States and Mexico have started project 


Engr., Bureau Agri. Dept. Agriculture, Los Angeles, Calif. 
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rectify the conditions below the dam. Recently, the State Planning 
New Mexico has recommended that relief project undertaken 
trol erosion the Rio Puerco, which the source silt the 
Upper Rio Grande water-shed, and that: 


“The Rio Grande Valley great danger destruction habitation 
for man, due the rapid erosion its tributaries and silting the river 
itself. approximately years the great Elephant Butte Dam and 
tion works connected with will lose their usefulness, due the silting 
the reservoir and the destruction its storage capacity,” 

estimated this report that silt endangers investment 
$100 000 000 land and improvements. The river above the Elephant Butte 
Dam for distance 150 miles has such moderate fall that many 
large quantity silt deposited. This building the river 
channel increasing flood hazards and water-logging lands, 
Surveys made 1934 show rise the river channel Joya (just below 
the mouth the Rio Puerco) since 1918; Albuquerque, ft; 
and Alameda, ft. The most important stream that enters the 
Rio Grande above Elephant Butte Reservoir the Rio Puerco, and its 
control would long way toward solving the silt problem. 

indicated the author, the Boulder Reservoir will not completely 
solve the silt problem the Lower Colorado River. March 1935, 
about 110000 acre-ft water had accumulated Boulder Reservoir, and 
the water leaving was clear. However, additional silt load will 
doubtedly picked the river below the dam for some time 
the experience the Rio Grande below Elephant Butte Dam repeated 
the Colorado River, the clear water released from either Boulder Reservoir 
from Parker Reservoir will pick load silt and scour the bed, 
progressively lessening depth but extending distance. With average 
discharge 20000 per sec, the bed the river will probably 
washed time that most the fine silts will removed and only 
the bed sands left line the channel. Occasional floods entering the 
below the Boulder Dam the Parker Dam will carry large quantities 
silt and will cause temporary increase suspended silt the river the 
Imperial Valley Diversion. 

The character the silt will changed materially, since will 
mixture silt picked from the bed the river. This will consist 
silts from different tributaries the river, one will predominate. 

There difference opinion among engineers how many years 
will take the clean its channel the finer silts and 
cease carry any appreciable quantity material suspension. 

With the river unregulated, low percentage suspended silt usually 
occurs the early summer the peak the annual flood resulting from 
the melting the snows the upper water-sheds, while the river water 


generally carries the highest percentages silt the late summer months 


“Silt Control the Rio Puerco,” DeBoer, Mimeographed Rept.. New 
Mexico State Planning Board, November, 
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fall when erratic floods are caused rains areas drained its lower 
tributaries. 

The writer believes that the low percentage silt carried suspension 
the river past years good index what may expected im- 
mediately after Boulder Reservoir becomes effective desilting the water. 
The annual quantity silt carried suspension the river will 
reduced least one-half the Imperial Valley Intake, and for the most 
part, the large quantities objectionable fine which have been present 
the water during the peak the irrigation season will 

When the new Imperial Diversion dam and heading are completed about 
five miles above Laguna, portion the present main canal serving the 
Yuma Project will probably abandoned, and its water brought through 
the upper end the All-American Canal. Laguna Dam will remain, 
serve drop the river, controlling recession of. grade below 
Imperial Dam. has been estimated that will take from three five 
years complete this project. Meanwhile, Imperial Valley will receive 
water through the present system, and silt conditions will about the same 
heretofore. 

The effect silt the cost operation and maintenance the irriga- 
tion system Imperial Valley has been serious one. The use silty 
water for irrigation comes from the river means the handling 
enormous quantity silt, which, necessity, must deposited the 
various canals the system, the land itself. some sections 
necessary keep dredgers continually work order maintain the 
canals and laterals condition carry the required quantity water. 
The disposal this silt dredged from the canals also fast becoming per- 
plexing problem. The banks the canals are constantly being raised and 
widened. The Imperial District spends approximately per for 
silt disposal. addition, there the cost cleaning farm ditches and 
re-leveling land because silting. survey the U..S. Bureau 
Agricultural Engineering 1933 indicated that the cost cleaning 
ditches and re-leveling result silt deposits Imperial Valley 
ranged from cents $4.63 per acre per and averaged $1.80. This 
fair harmony with the usual estimate $2.00. Applying the latter figure 
the 400000 acres under irrigation the Valley, the cost would reach 
per yr. Adding this the amount spent the Irrigation 
District gives total annual cost silt disposal more than 250 000. 

Several different plans for the exclusion silt from the All-American 
Canal, both bed and suspended load, have been considered. Research investi- 
gations being conducted the Bureau Reclamation and the Bureau 
Agricultural Engineering are expected furnish the fundamental data 
for the preparation the final designs for desilting works the new 
Imperial Dam. The Bureau Reclamation has been successful eliminat- 
ing about 50% the suspended silt and most the bed silt the desilting 
operations Laguna The writer feels confident that when the new 


Fortier, Am. Soc, and Harry Blaney, Assoc. Am. Soc. B., Technical 
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Imperial Heading finally built may expected eliminate practically 
all the bed silt and least 50% the suspended silt carried the river 
water. With the regulated river carrying 50% its former quantity 
suspended silt only 25% the former suspended load would enter the 
tion system. However, will advisable retain some silt the water 
prevent the growth moss. Under these conditions the annual 
expenses the individual farmer cleaning farm ditches 


land, and the Imperial Irrigation District for silt disposal, would 
reduced considerably. 


and comprehensive manner Mr. Stevens has presented “the silt problem” for 
discussion. His description the silting presents dark and important 
ture. The tabulation the quantities silt transported the various 
rivers indeed startling. shows how much greater the mud flow from 
the sedimentary and fragmentary formations than from the crystalline 
rocks. 

The answer the question preventing the silting reservoir 
build another one above it, impound the silt, and also encourage the 
deposition silt above the reservoir the case Lake which 
the author mentions. would interesting and constructive the dis- 
cussion the paper detailed description the silt impounded Lake 
MeMillan could given. 

The gold mines California are drained the Yuba River, tributary 
the Sacramento River. This area has been the scene the most important 
operations hydraulic mining. Due his long contact with the gold- 
mining industry, the writer has made detailed study the débris 
its various phases and desires record the débris deposit the Yuba 
River, and its relation the subject under discussion. 

Denudation more than the eroding the mountains, and the filling 
the rivers with sand, the forming deltas the river’s mouth. 
one the grandest features the Creator’s plan for maintaining the fertility 
the soil for the benefit mankind throughout the ages. Consider the 
nature the soil: Professor has stated that the soil 
from which the plants obtain the nine mineral elements that enter into 
their growth, namely, phosphorus, potassium, calcium, magnesium, sodium, 
iron, silicon, chlorin, and sulfur. These elements combine form the com- 
mon minerals such feldspar, mica, and hornblende, which compose the 
rocks. 

may stated that the valleys are the granaries from which the people 
obtain the major portion their food, and that the mountains are the store- 
houses from which the depleted soils receive new supply fertilizer. 
tion the elements break the cementing power that holds the 


and Min. Engr., Nevada City, Calif. 
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minerals solid mass, and form individual grains that compose the fine, 
part the soil. These, turn, are also oxidized, and the elements 
are slowly dissolved, and carried into the soil for plant food. remarkable 
how thin soil, with adequate precipitation can produce great forest 
growth, due the abundance plant food. 

For example, consider Central California, the western slope the 
Sierras, with its great forests and its abundance precipitation. During 
the dry seasons the erosion negligible, but during the wet, flood, seasons 
becomes great volume. The storms beat against the mountain slopes 
where they dissolve the plant food and carry away with the particles 
sand into the ravines and creeks. These waters concentrate into streams which 
debouch into the valley. doing, great canyons are formed and moun- 
tains leveled. With the heavy grades, and high velocities, the streams are 
capable carrying all the silt brought them. When the valley has reached 
the flatter grades, sand and gravel are deposited upon their beds. The finer 
material carried onward. During floods the water spreads over the valley; 
some soaks into the ground where, least, part the dissolved plant 
food left behind act fertilizer. 

With the occupation the valley these flooded lands are very attractive 
for farming. are constructed protect these lands from the floods 
and get rid the so-called nuisance. The finer sands, together with the 
dissolved matter, necessity are transported the bays and the ocean. 

illustration the fertility such land may cited the case 
farm with 270 acres wheat, acres which were measured and shown 
produce 50470 1858, the wheat from this tract was rich 
gluten that was great demand the markets New York, Y., and 
Liverpool, England. To-day, 1000 per acre average yield, but the 
wheat poor gluten that has mixed with other wheat from new 
lands make marketable flour, due the depletion new plant food. 

Consider next the history great débris deposit upon the Yuba River, 
which comparable that Lake McMillan. After long period 
industrial depression the United States, gold was discovered far-away, 
unknown California, January 24, 1848. This discovery electrified the 
world. man could California, accumulate fortune gathering 
gold from its sands, and then return home live peace and comfort for 
the remainder his days! 

Never was there such army active, energetic, educated, and resource- 
ful men gathered California. While many followed their original plan, 
most them remained found State. They had housed and fed. 
This led the opening farms, and the setting out orchards. All the 
best lands were brought into cultivation. Ten years after the discovery 
gold there was greater acreage farms the Yuba drainage area than 
there to-day. These industries needed lumber carry their operations 
and for the towns that grew not only the mountains but the valley 
well. 1859, there were ninety-nine saw-mills the three counties cover- 
ing the Yuba drainage area. The long, dry seasons were ideal for lumbering. 
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can well imagined how the ground was plowed the teams that 
were used for snaking the logs the mills. This continued for about thirty 
years, until the wonderful forests (which would hard find elsewhere) 
were exhausted. 

November, 1861, cycle wet winters began, which continued for 
twenty years, and produced the worst floods the later history the 
During December, 1861, and January, 1862, four great cyclonic 
that enveloped the entire Coast, and produced floods, from 
Columbia River and including Los Angeles, Calif. the Sierras was 
commonly called “The Deluge.” Upon the middle belt the Sierras during 
these months in. rain fell, and near the summit in. rain and 
snow fell; and in. per day fell during 4-day period. seasonal 
total 109 in. occurred the gold belt. 

Combining the stories the historians that period the water flowed 
into the valley greater rate than could discharged through 
Carquinez Straits, and the Golden Gate. From the foothills Mt. Shasta 
those leading the Tehon Pass the great California Valley was vast 
lake not unlike the shape and size Lake Michigan. The tides ceased 
act, and stream thick, muddy water flowed through the Golden Gate, 
which discolored the ocean for distance miles from the land. The 
bays became fresh, killing the oysters which were planted near Oakland. 

The Yuba River discharged its quota coming from its various 
surcharged with mud and sand gathered from the mines, fields, and forests, 
The Lower Yuba River bottoms was narrow valley, mile miles 
wide, carved the peneplain the valley. The mud and sand buried 
the farms and orchards deep; with the succeeding years came more floods 
and with them the deposit increased depth until was raised about 
above the general valley plain. were constructed confine the 
One the results that occurred soon the deposit reached 
the level the valley floor was raise the water-table the adjacent 
lands. was brought out the litigation which followed that they were 
known and were poor even for grazing. After the raising 
the water-table they were used for general farming. 

the early days the gold was recovered from the gravel washing 
sluice-boxes, the gravel being moved principally picks and shovels. 
1870, mechanical equipment was invented which means considerable 
volume water could used under high heads, and large 
gravel could then moved reasonable cost. These giant machines are 
now used the construction hydraulic-fill dams and similar structures. 
This equipment led the consolidation small holdings and the formation 
large companies financed San New York, and London. 
Reservoirs, the highest the United States, were built, and long lines 
canals were constructed the mines. These structures were completed 
about 1876. 

the same time the agitation against the débris flow that began after 
the floods 1862 and (were charged against the mines) took the form 
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litigation which culminated the injunction that closed the mines 1884. 
During the litigation, the State Engineering Department California 
was created. surveys the navigable rivers and the Yuba River 
were made. 1894, the Army engineers made series borings determine 
the depth the deposit. These borings were supplemented those the 
gold dredgers. 

Combining the various surveys was found that the deposit which was 
miles long, had maximum width miles, covering 16000 acres and 
containing 600 000 000 yd. was deep the river’s mouth, deep 
the edge the foothills, and deep miles higher the Yuba River. 
The grade the original bed was per mile. After the fill was made, the 
grade per mile was the mouth, the middle zone, and 
the upper 

The deposit soon became covered with dense growth willows. 
remained intact with few, low-water channels coursing through it. About 
ago the Government enlarged the main low-water channel until now 
(1985) will carry moderately large flood. Much the adjacent land that 
was supposed destroyed forever was cleared and planted pears, the 
uncleared land being held more than $250 per acre. 

making the deposit the law transporting material probably the same 
that which obtains the sluices the hydraulic mines. known 
that with water flowing in. deep the capacity varies 
directly the slope. Furthermore, with water flowing deep, more mate- 
rial will carried per cubic foot per second than with water flowing in. 
deep. Mathematically, the transporting capacity force, varies 

interesting record that fields which were denuded their soil are 
now covered with second growth pine and brush. One variety brush known 
“sweet birch” especially valuable cattle food. One enthusiastic catfle 
man claimed that was nearly good alfalfa, and practice 
gather and scatter the seed over his range; while another farmer claimed 
that good soil could formed yr. 

The lesson the débris deposit the Yuba River far-reaching appli- 
spreading the water over wide area low barriers, and 
encouraging brush growth, the silt will deposited and can raised any 
height. The material thus impounded will prevented from moving down 
stream, filling reservoirs, from entering the navigable rivers where would 
have dredged cost cents per yd. Below the barriers 
the stream will then able scour its bed and increase its capacity. The 
cost such impounding will less than cent per yd. conservation 
the highest degree. 


Africa the silt problem less severe than that encountered the south- 
western part the United States. late years particularly, the rapid rate 
silting recorded many the irrigation reservoirs has caused con- 


Cons. Irrig. Engr., African Consolidated Investment Corporation, Johannesburg, 
Union South 
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siderable concern. number cases the very existence productive 
centers population threatened, and for what period time will 
possible preserve the present water supply moot point. Indeed, 
the definite policy the present Government limit the extensive further 
program irrigation development those rivers that are least subject 
silt encroachment. 

Typical some the conditions encountered this country the case 
the Sundays River, the Cape Province. Rising elevations 
7000 ft, this river drains about 6000 miles the south escarpment 
the Sneeuwberg Range which divides the Great Karroo Plateau 4000 
000 elevation from the Small Karroo Plateau 1500 ft. the 
foothills this inclined plane, the main branch the river, situated 
the Van Ryneveld’s Pass Reservoir with catchment 1500 miles, 
the southern edge the Small Karroo Plateau, where the river starts 
breaking through the coastal ranges, situated Lake Mentz Reservoir with 
catchment area 4500 miles. 

The entire drainage area can divided roughly into the “Mountain” 
Section and the “Flats” Section, the first-named reservoir taking part 
the mountain topography whereas the second takes care the remainder 
the mountain area and all the “Flats” Section. 

The average annual rainfall varies from in. the mountains 
from in. the flats. Approximately 80% this rain con- 
centrated the summer months, particularly February and March. Conse 
quently, the river flows are essentially ephemeral character and are 
liable exceedingly high flood peaks very short periods time, falling 
again with only slightly less suddenness. 

Previous the building the reservoirs, intermittent irrigation was 
practised extensively, by. what known “flood furrow irrigation”; that is, 
individual small systems diverting water into fairly large canals order 
obtain maximum water minimum time whenever available. 
Such irrigation was necessarily exceedingly up-and-down character, 
incapable sustaining much more than “snatch” crops and occasional cut- 
tings alfalfa. With the completion the reservoirs, land development 
and settlement occurred along lines quite similar those experienced 
the United States. To-day, both reservoirs sustain intensively developed 
irrigated areas, subdivided small holdings which struggling popula- 
tion obtaining living from citrus, deciduous fruits, alfalfa, and cereal 
crops. 

Below the reservoirs, therefore, there cropped area totally dependent 
conserved water, and above them, pastoral area subject severe droughts 
and high floods. the past, the latter area has been subjected extensive 
over-grazing and although to-day the more progressive farmers are fully alive 
the decreasing grazing capacity their farms arid are actively endeavor- 
ing rehabilitate their veldt, the damage already done soil erosion such 
that has become national problem against which the incumbent Govern- 
ment has organized intensive campaign research, subsidization 
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anti-erosion work and rehabilitation the original vegetation. The benefits 
such work can necessarily only become apparent over considerable period 
time and cannot other than partial overcoming all erosion. the 
meantime, the lower lying reservoirs are gathering the accumulated burden. 
For example, Lake Mentz, completed 1922, has silted 42.3% its 
original capacity (see Table 11), say, twelve years life, and Van 
Ryneveld’s Pass estimated have lost 16.4% its capacity between 1925 
and July 1933. 


By volume; 
Silt Column (4) Cumula- 
‘o: nflow (2) | tive 
ted Column (3) 
(1) (2) (3) (4) (5) (6) 
November 30, April 30, 1924......... 250 200 2.3 2.3 
March 30, 1926....... 111 770 900 2.6 5.2 
Decem March 31, 1929....... 443 910 000 2.25 16.6 
une 30, 1930......... 175 070 030 2.3 20.8 
1931. 116 140 670 2.3 23.7 
ecember 28, 1931..... anuary 4, 1932....... 000 9 320 2.1 33.6 
January June 30, 1933......... 131 840 030 2.3 
uly December 31, 1934.... 227 440 230 2.3 


Date closure. Based actual survey Mean Column (5). Based previous 
survey findings. 


the case Lake Mentz, the raising the dam has already begun and 
the levels other reservoirs (such Lake Arthur tributary the 
adjoining Great Fish River) will have raised the near future. Such 
periodic raising the dam walls necessarily limited, not physical fea- 
tures, certainly financial considerations. Already, manner very 
parallel that experienced the United States, the administrators many 
the South African irrigation projects have found impossible meet 
their redemption and interest rates, and the Government, which financed 
the projects, has found necessary and expedient write off approximately 
$25 entire capital loans and arrear interest payments 
large number projects. agreeing these “write-offs,” the Government 
stipulated annual assessment approximately $0.30 per acre for 
the special purpose establishing each project reserve fund cover the 
cost periodical heightening the dam walls. The amount this assess- 
ment cannot possibly expected cover the increasing cost preserving 
the water supply. What then become the endangered projects? 
Where further reservoir sites are available, where the existing reservoir 
sites are not yet fully developed, the problem resolves itself extension 
the already widely held viewpoint that irrigation development essentially 
national function and that, such, the Government should not only finance 
and subsidize—either directly indirectly—the original cost, but also that 
preserving the supply. 
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Further supplies are not always available, however, and existing reservoir 
sites must ultimately become fully developed they are not developed already, 
Furthermore, public opinion may not support the conception that the 
function the Government preserve water supply for unlimited 
period. There appears only one solution, namely, recognize frankly 
that some irrigation projects are doomed definite span life and 
have revert back the original type and manner flood 
prepare the irrigators against such time and contingency, and, the 
time, delay the end long possible actively combating sheet and 
river erosion within each catchment area. 

The detailed technical data pertaining the deposition silt the 
Van Ryneveld’s Pass Dam are: 


Drainage area, square miles........... 475 
Mean (estimated) annual supply, acre-feet........ 000 
Original full supply capacity, acre feet............ 200 


Oo 


Date reservoir 1925 

Elapsed time, years, between completion reservoir 

Water supply, acre-feet, during the six-year period 134 600 

Silt Deposited, Acre-Feet: 


Percentage original capacity, 
134 600 


Since the date the last capacity survey (February, 1931), flood 
100 000 acre-ft passed through this reservoir, January and 1932. 
July was estimated that, all, 10500 acre-ft silt had been 
deposited with reduction capacity 16.4 per cent. 

Lake Mentz non-overflow, gravity dam provided with five Stoney gates, 
wide and in. high. March, 1928, flood 356 000 acre-ft entered 
the reservoir, which acre-ft passed through the gates. During the 


flood January and 1932, furthermore, 421000 acre-ft were by-passed 
through the gates. Van Ryneveld’s Pass, the dam the overflow, 
gravity section, type and has only been action once when 000 acre-ft 

were spilled. 


will noticed from Table that the percentage, volume, silt 
retained Lake Mentz only 2.3 against that 3.9 Van Ryneveld’s 
Pass. This may accounted for, possibly, the lesser run-off and lesser 
erosion from the flatter and, the same time, lower rainfall portion 
the catchment area against the higher run-off and greater erosion the 
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Mountain Section. may also accounted for the probability that 
certain quantity the suspended and bed-load scoured out the gates 
against the skimming action overflow type dam. The two reservoirs 
also provide interesting illustration the effect the size the mean 
annual run-off and the storage capacity the life the reservoir. Although 
Lake Mentz has lower volume percentage silt and 50% larger storage 
capacity, the annual run-off from the larger catchment such that its life, 
theoretically, against for Van Ryneveld’s Pass. 

Considerable work has been done the United States estimating the 
life reservoirs silt sampling. this connection, the writer would like 
recall the work and method approach adopted Mr. Warren, 
while was Circle Engineer the South African Irrigation Department. 
Silt samples were taken bottles and analyzed both for specific gravity 
and silt percentage weight, and curve was obtained expressing the relation- 
ship. From samples taken from the bed the Great Fish River, Mr. Warren 
obtained weight 52.8 per dry silt, 84.6% the weight 


silt, therefore, will deposit 1.18 silt. the silt percentage 


(1) (3) (4) (2) (3) (4) (5) 
1.000 0.00 1.182 0.00 || 1.040 | 64.92 5.86 1.230 7.21 
19005 0.73 1.188 0.87 1.050 | 65.55 7.32 1.241 9.09 
1.010 1.46 1.194 1.74 || 1.060 | 66. 8.79 1.253 11.08 
1.015 2.20 1.200 2.64 || 1.070 | 66.79 | 10.25 1.265 12.97 
1.020 2.93 1.206 3.53 1.080 | 67.42 | 11.72 1.277 14.97 
1.025 3.66 1.212 4.44 68.04 | 13.18 1.289 16.99 
1.030 4.40 1.218 5.36 || 1.100 | 68.67 | 14 301 19.05 


increases, also will the weight per cubic foot water laden with that 
silt increase. Therefore, calculated ratio, expressing the relationship 
between the percentage volume and the percentage weight for 
ing loads silt the water (see Table 12). 

The factor, obtained follows: Assume quantity water loaded 
with 4.40% silt weight. From Table 12, water thus laden 
will weigh 64.30 and, hence, 100 will deposit 64.30 4.40, 282.92 


5.358 
440 


With the foregoing Mr. Warren traced the silt load the 
Tarka River, discharging into Lake Arthur Reservoir. 3-yr period 


ill 

silt 
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average 2.76% weight, equivalent 3.31% volume, was 
found. 

From the published records the United States Reclamation Service, 
Mr. Warren assumed that the rolling bed-load was 25% the suspended load, 
thus making total silt load volume. silt survey the 
reservoir the end the 3-yr period showed silt content 4.34% 
volume, difference less than per cent. Although the foregoing result 
may fortuitous some small degree, constitutes logical attempt, 
nevertheless, take into account the varying degrees suspended silt car- 
ried different stages during the same flood well the varying silt 
load different floods resulting from different rates intensities 

The writer has recently had opportunity viewing the anti-erosion 
work conducted both South Africa and the United States, and has formed 
the opinion that this work, judiciously planned and co-ordinated local 
circumstances and supplemented further work the river channels proper, 
ean reduce the silting reservoirs materially. 

Although axiomatic, course, that certain degree erosion will 
occur, and that silt will always present, due ever-present dynamic 
geological processes, these factors, nevertheless, have been considerably aug- 
mented the careless and haphazard processes mankind and, particular, 
his agricultural activities. With the opening new territories, for 
ample, areas have been put under the plow that should never have been plowed. 
To-day, washes and gullies (or “dongas,” they are known South Africa), 
are evidence, that have widened from 300 “within the living 
memory man.” The writer has often asked himself the question whether, 
the white man had not entered upon his activties these areas, these 
selfsame gullies and “dongas” would not still to-day nearer the 50-ft 
width instead the 300-ft width. 

Obviously, will impossible both physically and economically over- 
come entirely that portion erosion which can attributed Man’s activi- 
ties. large part, however, can overcome. The results obtained Lake 
and Zuni Reservoirs, discussed Mr. Steven, can considered 
least definite and established indications what can accomplished. 
the former case, the accidental propagation tamarasks provided 
effective silt trap. the latter, anti-erosion work limited character 
was conducted only portion the catchment area. neither these 
cases can said that the catchments were subjected 
judicious, and complete program anti-erosion work, yet both instances 
the rate silting during the past has been reduced less than 
40% that experienced formerly. 

was with great interest, therefore, that the writer acquainted himself 
with the principles and aims the United States Soil Erosion Service and 
the manner and methods which these are executed and adapted each 
local his opinion, they deserve the serious attention 
the profession. 

With the careful study that soil erosion receiving each the Soil 
Erosion Service projects, chiefly from the more agricultural aspects, and the 
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judicious execution methods combat these phases, benefits the result- 
ing silting must inevitable. these are next followed the more 
purely engineering aspect combating erosion the water channels proper 
—such the maintenance river alignments, the prevention under-cutting 
the banks, the formation vegetative silt traps, the construction débris 
basins, well the further work fire protection, the writer does not feel 
that over-optimistic anticipating reduction the silt percentage 
volume many streams 50% that occurring present. 

Where engineering works can thus profit, behooves the profession pay 
sincere and serious attention to, and offer constructive co-operation in, the 
planning and execution such work. Both the United States and 
South Africa, the writer feels, there considerable scope for the Civil Engi- 
neer participate beneficially the soil erosion aspect the silt problem. 

The writer wishes gratefully acknowledge the data supplied him 
Mr. Bridgman, Maintenance Engineer the Sundays River Irrigation 
Board, regard Lake Mentz Reservoir. 


Am. Soc. (by author has per- 
formed real service water-supply engineers making available for ready 
reference such mass quantitative information the silting reservoirs 
and the suspended matter carried streams. His statement the silt prob- 
lem and his the origin, transportation, and control silt 
and sedimentation processes include summarization facts and prin- 
ciples, largely devoid expressions opinion, that serves round out 
general picture the silt problem manner both interesting and illuminat- 
ing. his discussion the origin silt the author touches geology 
but, the writer’s opinion, gives too little emphasis. defined the 
author, silt stream-borne material derived from the disintegration rocks. 
Two processes, weathering (disintegration place) and corrasion (the tear- 
ing away placing motion disintegrated material) are involved the 
origin silt, and the speed the first these processes materially affected 
the nature the country rock. Igneous rocks, general, are hard, 
dense, and crystalline; and they weather slowly. The older sedimentary rocks 
are likewise relatively dense and offer resistance weathering. The younger 
sedimentary deposits, particularly recently laid alluvium, are especially sus- 
ceptible rapid weathering. Consequently, other things being equal, regions 
igneous and precarboniferous rocks are regions clear-water streams, 
and regions recent sedimentaries and valleys filled with alluvial deposits 
are most likely give rise streams heavily laden with silt. 

Among the younger sedimentary rocks, differences texture and cemen- 
tation are reflected differences speed weathering. Loosely cemented 
sandstones and friable sandy shales are readily susceptible weathering and 
corrasion and are prolific producers silt. 

The chemical composition rock material likewise factor the silt 
problem. Rocks that contain high percentages aluminum silicate weather 
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into clays with fine flaky particles readily susceptible corrasion and water 
transportation. such rocks are likely regions clondy 
although not necessarily heavily silt-laden streams. 

The geologic mission rain and other forms precipitation, from the 
moment they strike the earth, wear the land surface down the level 
the sea. This accomplished mainly weathering and corrasion, 
solution, and water transportation. some regions the United States 
more material carried streams solution than silt. other sections 
the opposite true. and large the silt load the streams the United 
States several times great the load carried solution, but the latter 

The relative speed weathering and removal and transportation the 
weathered material, depending primarily geology, topography, and climate, 
factor the silt problem. some regions streams run clear because 
little transportable material available for water move and only extraordi- 
nary storms and floods can muddy the waters. other regions relatively 
gentle rains are sufficient place motion wealth weathered material 
awaiting only the means transportation. 

Vegetation, incident climate, important factor the weather- 
ing rocks and the availability weathered material for water transpor- 
tation. disruptive action roots and chemical action organic solvents 
vegetation aids weathering and adds the volume material suitable for 
transportation silt and the dissolved load streams. protection 
the land surface from action wind and water retards prevents silty 
material from corrasion and thus tends avoid the overloading streams 
with suspended matter. Cultivation field crops artificially aids weathering 
and accelerates the speed the natural process. Road building, the herding 
stock, lumbering, and multitude other activities Man that scar the 
earth’s surface also speed the natural process weathering. Most these 
activities are essential human occupation the land but some them 
may modified minimize their effect weathering and still retain 
their beneficial character. the other hand, works Man, such build- 
ings, streets, and paved roads, substantially prevent weathering whereas his 
river-regulating works and consumptive uses water tend decrease the 
power and quantity water that may serve transport silt and other rock 
débris. After all, Man’s activities, although means negligible 
the silt problem, must considered incidental. Wisely guided, Man will 
undertake, when practicable, diminish the removal material valuable 
situ places where will deleterious, and direct the deposition trans- 
ported silt places where may serve useful purpose. attempting 
abolish the silt problem Man can but Don Quixote tilting the wind- 
mills Nature. 

attacking the silt problem, should the energies Man directed 
toward prevention cure? Rather obviously good productive soil farm- 
ing region should maintained place for agricultural use far 
practicable. this case prevention pays, regardless the silt problem; but 
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not clear that great effort should made retain place the sur- 
face material non-agricultural regions. Regulation grazing main- 
tain maximum permanent useful vegetable cover for forage purposes 
itself profitable conservation measure, and, incidentally, will tend toward 
silt prevention. This practicable measure silt prevention that may 
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reasonably undertaken relatively arid non-agricultural region. 
practicable, however, should undertaken primarily the 
the stock industry rather than for the purpose limiting the silt load 
streams. Otherwise, costs are likely exceed the values conserved, 

The Colorado River occupies one the major stream basins the 
United States and has silt problems perhaps greater degree than any other 
major stream the country. Its problems water supply, water utilization, 
land use, and silt have interested the writer for many years. Most the 
extensive surveys its stream channels, reservoir sites, and dam sites made 
the Geological Survey the two decades, were under 
his general direction. The quality-of-water surveys (determination daily 
silt load and dissolved mineral load the Colorado and its more important 
tributaries for period continuous from 1929, which were made largely 
Howard and Love under the direction Collins, the 
Geological Survey) were instigated him and has studied their results 
with interest. These researches, basic land and water planning, although 
still inadequate supply full information, afford probably the best available 
basis for the study the silt problems large river the United 
brief consideration some their results will serve example throw 
light some the problems discussed Mr. Stevens. Fig. map 
showing the subdivisions above the principal gauging stations the Colo 
rado River Basin and Table shows some the characteristics these 


Granp Canyon, ARIZONA. 


Description 
Area, 29.2 17.3 17.3 2.3 13.9 36.2 100.0 
Surface Geology, Percentage Area: 
14.3 38.5 10.8 30.8 16.0 24.5 21.6 
3.0 7.3 21.5 37.5 55.3 45.0 22.2 
82.7 54.2 67.7 31.7 28.7 30.5 56.2 
Vegetable Cover Percentage Area: 
Eee ol i une, spruce, lodgepole).| 23.5 70.2 30.0 26.1 11.0 19.8 30.9 
(juniper, pifion)...... 16.9 17.0 28.6 36.0 26.3 31.8 24.4 
Brush P| SPP 59.6 12.8 41.4 37.9 62.7 48.4 44.7 
Palatable cover, animal-unit-years 
equare mile........ 4.8 6.25 4.4 4.25 3.4 3.9 4.5 
Stock population, animal umts per 
12.9 16.6 12.0 8.3 7.8 8.0 11.6 
Area irrigated, 13.7 25.8 7.6 0.6 2.2 10.6 
Human population per square mile . 2.1 3.3 2.3 1.9 0.6 1.4 2.1 
Rainfall, 1929-1934, inches....... 11.20 7.75 9.72 11.12 
Rainfall, 1929-1934, Percentage 
More than 46.2 59.4 58.8 51.6 13.2 35.3 46.6 
51.1 40.6 41.2 41.6 60.7 49.7 47.0 
Less than 2.7 0.0 0.0 6.8 15.0 6.4 
Run-off, 1929-1934, inches. 2.00 4.46 1.55 0.21 0.62 0.38 1.78 
Run-off, 1929-1934, in percentage of 
33.2 43.9 15.1 2.8 7.8 100.0 
Silt, 1929-1934, tons per square mile.| 696 737 810 770 
Silt, 1929-1934, in percentage of total.| 12.1 7.6 19.7 29.5 1 60.6 100.0 
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subdivisions above Grand Canyon, with special reference the silt load. 
The lettered subdivisions are identified follows: 


the basin Green River above Green River, Utah. 

basin the Colorado River above Cisco, Utah. 

the basin San Juan River above Goodridge, Utah. 

the basin the Little Colorado, Paria, and other tributaries 

the Colorado River between Lee’s Ferry and Grand 
Canyon, Ariz. 

the basin the Colorado River and tributaries between 
Ferry, Ariz., and Green River, Cisco, and Goodridge, Utah, 
including San Rafael, Fremont, and Escalante Rivers. 

the basin the Colorado River from Grand Canyon, Ariz., 
Green River, Cisco, and Goodridge, Utah. 

the basin the Colorado River above Grand Canyon, Ariz. 


Table 13, the information area, surface geology, palatable cover, 
run-off, and silt are from records the Geological Survey; that rain- 
fall, from the records the Weather Bureau; that population, stock popu- 
lation, and area irrigated from the Bureau the Census, and that vege- 
table cover from the vegetation map the United States Shantz, 
the Bureau Plant Industry. The 5-yr period considered from October, 
1929, September, 1934, inclusive. Acknowledgment made assistance 
Miller, Nordeen, Assoc. Am. E., and Depue Falck, 
all the Conservation Branch the Geological Survey, the compilation 
the information. 

Inspection Table shows that, for the period considered (which 
includes year high rainfall and run-off, year low rainfall and run-off, 
and, whole, not far from average 5-yr period) about 77% the 
water and 20% the silt Grand Canyon came from the basin above Green 
River and Cisco, Utah, which comprises 46.2% the entire area the 
basin above Grand Canyon (see Subdivisions and Table 13); and that 
less than the water and more than 60% the silt came from 36% 
the basin’s area, situated below Green River, Cisco, and Goodridge, Utah, 
and above Grand Canyon, Ariz. (see Subdivision Properly belonging 
this region low run-off and heavy silt load about one-half the area 
related Subdivision approximately that part the San Juan Basin 
above Goodridge that situated Arizona, New Mexico, and Utah. Includ- 
ing this part the San Juan Basin probable that what commonly 
known the plateau region the Colorado, comprising area 60000 
65000 miles, contributes less than 10% the water and more than 
the silt load recorded the Grand Canyon gauging station. Clearly, 
silt prevention the Colorado worthy objective, intensive study 
should made the origin, and the possibilities the prevention silt 
derived from this plateau region the basin. Referring Table 13, 
evident that this is, relatively, region Triassic and Jurassic rocks— 
loosely cemented sandstones and sandy friable shales—and these rocks 
must attributed the origin most the silt. 

The plateau region has low rainfall. One-half the area has annual 
rainfall in. per yr, 15% has rainfall less than in.; and 
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the average for the 5-yr period considered 9.72 in. The distribution the 
rainfall importance, and the records show that, 
occurs one six storms during the year. These desert storms are tor- 
rential character, well adapted corrasion the rather finely divided 
weathered material that abounds the region. 

the arid climate may attributed the excess weathered materia] 
awaiting transportation and the torrential character the storms, the 
heavy though sporadic flows silt. 

The plateau region has cover brush, grass, junipers, and there 
being little timber and that confined the mountainous outer rim 
the basin. The palatable cover light, being confined brush interspersed 
with grass and weeds, occurring single plants, and the stock and human 
population low. small areas there grassy vegetational aspect but 
the main the region has the appearance desert with vast expanses 
bare rock and sand. Probably 90% the surface the region devoid 
vegetation. The irrigated area small and confined almost entirely the 
head-waters streams. land stock ranges that will furnish year- 
round feed supply for less than 225000 cattle, the equivalent other 
stock. The sparseness vegetation permits the rains their 
work with minimum hindrance. 

What measures silt prevention can undertaken advantage such 
region? Artifical stimulation vegetable growth miles 
surface now devoid cover and more than one-half which has rainfall 
less than in., stupendous, and hopeless, task. Could accom- 
plished appreciable degree there doubt that the results would 
beneficial. There lack fertility, lack seeds the ground. 
After every soaking rain grass and weeds spring abundance, wither, 
and die. Moisture alone needed, and moisture impracticable for Man 
supply. Already 96% the scant precipitation devoted evaporation 
and transpiration. Only decreasing the former can much additional mois- 
ture conserved for beneficial use. Stimulation vegetable cover regu- 
lation grazing operations worthy consideration, Total exclusion 
stock from the region for time would encourage stronger root growth, 
heavier crowns, and full opportunity for natural reseeding. This would 
beneficial, but how much the 190000000 tons silt per contributed 
the plateau region would keep from the river and for how long and 
what cost? The principal cost would the annual loss forage valued 
about $1500000. this would added the administrative expense 
the silt could prevented from reaching Boulder Reservoir and were 
worth $150 $200 per maintain acre-foot reservoir capacity. 
Total exclusion stock would impessible because the human relations 
involved. Over considerable parts the area, the Navajo Indian reserva- 
tions, for example, stock raising practically the entire source livelihood 
for the people. Nevertheless, the principle reducing stock population 
worthy consideration, and reasonably assured that, where possible, 
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limitation grazing that compatible with maintenance normal cover, 
would prove profitable the local stock industry and some slight degree 
lengthen the life reservoirs the streams below. Increased vegetable 
growth, course, would deplete the water supply. 

Since the transporting power flowing water required convey 
perennial streams, second method preventing silt, would conserve 
the water supply the plateau region far practicable for irrigation 
other consumptive use within that region. the value the water the 
plateau region per acre-ft for irrigation the Lower Colorado Basin 
and cents per acre-ft for the development power the canyons, total 
the order magnitude 000 000 per indicated. Exclusion 
this water from the main river, even without beneficial use the plateau 
region the basis such assumed value, would cost the rate less 
than cents per ton silt excluded with it—far less than the cost main- 
taining reservoir capacity operations the side under any known method. 
Reservoir capacity could thus maintained cost only $20 $30 
per acre-ft per yr. seems rather clear that the development bene- 
ficial consumptive uses water the plateau region should encouraged 
the utmost for whatever effects silt prevention may result. 

third method holding silt the plateau region would through the 
construction detention reservoirs and spreading works. There are many 
good and some very large reservoir sites the region. many 
them will developed. They could serve retard the flow silt the 
Colorado although its eventual movement could not thus prevented. 
The effective life such reservoirs would rather short but the cost 
many could doubtless justified their beneficial effects conservation 
water and retardation silt movement. Theoretically, least, spreading 
works have merit. in. torrential rainfall 1000 acres could 
spread 0.01 in. 100000 acres, serious silt movement could pre- 
vented. the process, local vegetable growth would encouraged and flow 
water the Colorado prevented. Doubtless there are favorable localities 
the plateau region for works such character. 

Summarizing, regulation grazing, development beneficial consump- 
tive use water, and construction reservoirs and spreading works 
the plateau region all seem the writer merit consideration means 
withholding silt from the Colorado River. would urge that before 
expending large sums money any such undertaking economic benefits 
commensurate with the costs reasonably well assured, full consideration 
being given the limitations imposed the value storage capacity 
reservoirs below and the capitalized cost maintaining such capacity 
operations the reservoirs. ventures the opinion, based personal 
knowledge the physiography the plateaus herein considered, that 
practicable means will found for holding back permanently from the Colo- 
rado more than minor percentage the silt load derived from the sand- 
stones and shales the region. his firm belief that after all reason- 
able preventive measures have been exhausted, now unknown cure for the 
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silt problem will have developed, the geologic processes 
that give rise will deplete seriously, within relatively few generations, and 
finally destroy the effectiveness, the water supply systems the arid 
west. should recognized, however, that the processes silt 
tion and deposition have been generally beneficial mankind. The best 
agricultural regions the country are the result Nature’s solution 
former silt problems. the course geologic time, the arid Southwest, 
elsewhere, the relatively useless sands and clays the uplands may 
expected contribute their share the building the fertile loams 
agricultural valleys. Man must adjust his activities Nature. 


Grover,” Am. Soc. (by silt problems the 
Colorado River the Boulder Dam are treated this paper. Some up-to-date 
information has been obtained the effect this dam the silt regimen 
the river, connection with the regular activities the Geological 
Survey its program measuring and recording the flow surface streams, 
Among the 3000 gauging stations operated, the program includes, course, 
group stations the Colorado River Basin. Because the importance 
silt connection with the utility the Colorado River, detailed silt 
studies were undertaken 1925. Continuous records the silt content 
the water are kept several the gauging stations, including those 
Grand Canyon, Willow Beach, and Topock, Arizona. 

Fig. shows the quantities silt, millions tons, carried the 
river during each month, from January June, 1935, these three gauging 
stations. Fig. 11(b) shows the quantities water, acre-feet, carried dur- 
ing the same months. Grand Canyon station situated well above the 
reservoir created the Boulder Dam; Willow Beach station 
below the dam; and Topock station about 115 miles below the dam. The 
Parker Dam about miles below Topock and about 155 miles below the 
Boulder Dam. 

The construction and utilization the Boulder Dam create situation 
the river below that dam that has great interest for engineers. The 
reservoir which more than 100 miles long desilts the river that the dis- 
charge through the dam essentially clear water. This clear water, however, 
discharged into, and flows through, channel silt and picks new 
load, thereby deepening the channel below the reservoir. The deposition 
silt the Boulder Reservoir and the deepening the channel below it, 
course, were anticipated. The speed with which the new load acquired 
has general interest has also the deposition the new load the 
formed the Parker Dam which will rapidly lose its storage capacity. The 
ultimate silt content the water leaves the Parker Dam will affect the 
problems related the diversion into Southern California the Metropolitan 
Water District Southern California. 

The Colorado River above the Boulder Dam apparently annual 
load of, say, 200 000 000 300 000 000 tons silt. This load, which prior 
the construction the dam was carried through Yuma, essentially 
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unchanged, now deposited the reservoir. the five months between 
February 1935, when storage the reservoir began effective, and 
June 30, 1935, the load silt that was carried past the Willow Beach gauging 
station amounted about 4000000 tons, derived part from operations 
the dam. the Topock gauging station the total load sediment carried 
the five months was more than 12000000 tons. During the same period 
the quantity silt carried into the reservoir above the dam was more than 
100 000 000 tons. 


Millions of Tons 


Millions of Acre-Feet 


Jan Mar May June Jan Li ZZ. LA May — 
1935 
Fic. MATTER, TONS, AND DISCHARGE, ACRE-FEET, 
GAUGING STATIONS COLORADO RIVER, ARIZONA. 


result the pick-up silt below the dam the channel has already 
been deepened. the Willow Beach gauging station the bed was appreciably 
lower September, 1935, than was few months previously. inter- 
esting note also that the particles carried past Willow Beach and Topock 
are the average much larger than the particles carried past Grand Canyon 
and into the reservoir. 

Engineers will interested following the history the new and con- 
trolled Colorado River, including not only the rates loss capacity the 


th- 
est 

80 a ; 
ar 6 3 YY 
an 


286 STEVENS THE SILT PROBLEM 


Boulder and Parker Reservoirs, but also the rate erosion the river bed, 
and banks below the Boulder Reservoir. Many years will doubtless 
before the bed, banks, and silt load are stable. 


tional data, particularly the silting reservoirs, has appeared the 
cussion the writer’s paper. one paper will now gathered practically 
all the basic data regarding the silting the important reservoirs the world, 
well summarized data the quantity sediment carried most 
its rivers. 

Mr. Nickle mildly chides the writer for not including the excellent data 
gathered recent years the Texas Board Water Engineers, when 
matter fact every attempt was made secure them. Special thanks are 
due him for Table containing summary the sediment transported 
seventeen stations ten Texas streams, mostly over 6-yr period, and 
arranged conform the writer’s Table 

interesting note that all the stations given Tables and 
the maximum concentration suspended sediment found Bad River, 
Pierre, Dak., where for two consecutive years the sediment averaged more 
than per thousand. None the Texas streams listed reached this total 
even for one year, although the 6-yr average for Double Mountain Fork 
Brazos River exceeded per thousand, which shows the next 
concentration silt. 

Mr. Nickle also advances additional evidence the effect drying silt 
reducing its volume. Medina Reservoir silt shrunk one-half its original 
volume and doubled its weight five years intermittent exposure. 
The specific weight per silt place for Texas reservoirs, 
when subject alternate wetting and drying, not far different from the 
writer’s average value per ft, nor that 62.5 per adopted 
Messrs. Fortier and Blaney.™ 

Professor Lane has given very interesting historical summary silt 
investigations, and clear statement the several factors affecting sediment 
transportation, first the stream and second the stream. also calls 
attention the fallacy the Dupuit theory, namely, that silt carried 

the result differences velocity adjacent filaments. 
Turbulence the real cause, and theory and evidence are now accord that 
sediment held suspension the upward velocity components turbu- 
lent flow; that is, eddy currents. 

Mr. Bonner’s statement that the capital outlays for reservoirs will 
amortized long before they may rendered useless silting, and that the 
solution the problem may safely left posterity, scarcely fitting 
answer the questions raised. Because such major reservoir civiliza- 
tion comes into being, virile, complex, pulsating social system. The capital 
investment such civilization may wiped out and the system destroyed 
but can never amortized financial sense. 


Hydr. Engr, (Stevens Koon), Portland, Ore. 
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policy laissez-faire entirely unsuited the exigencies the situa- 
tion. The problem should squarely faced now and research undertaken 
with view its ultimate solution. Mr. Bisschop cites conditions South 
Africa that are now threatening the “very existence productive centers 
population.” states that further extensive developments are being 
limited those streams least subject silting. Lake Mentz Sundays 
(1935) has lost 42% its capacity yr. Raising the dam has 
already begun order preserve the civilization that dependent upon it. 
Amortization the capital investment surely not the answer this 
problem. Human institutions must continue. 

Table 10, Professor O’Brien has added wealth data silting 
reservoirs from the paper Dr. Fritz Orth, which the writer was wholly 
unaware. This table, however, does not give the silt deposited terms the 
inflow, doubtless because the data were not available. Seven reservoirs are 
cited that have been completely filled with silt, and fifteen that have lost 
50% more their original capacity. All them, however, had original 
capacities less than the annual water supply which means that they 
were little more than diversion dams. The writer doubts whether any such 
reservoir could actually lose 100% its capacity. Table does not show 
any reservoir having been entirely filled. the reservoir fills, more and 
more the silt carried through that there must left least river 
channel the new surface the reservoir, for which condition all silt 
passes through. 

Mr. Blaney calls attention the fact that silty stream canal quite 
free from moss and aquatic plants, and that clarifying such stream will 
result new source annoyance, that moss growth. states that 
even were possible clarify the Imperial Valley canals some silt should 
left the water minimize operation troubles from moss growth. 

Mr. Waggoner calls attention the great fall 1861 that affected 
the entire Pacific Coast from the Willamette Valley, Oregon, Los Angeles, 
Calif. December 1861, occurred the largest flood known the Willamette 
River. That period was marked series wet years from which the 
present cycle equally pronounced dryness has emerged. Obviously, silt 
depositions and sediment transportation respond with marked fluctuations 
these and flood variations. 

Mr. Stabler asks whether Man’s efforts should directed toward preven- 
tion cure. seems quite evident that show any measure success the 
labors Man must confined preventative measures. course, can 
desilt streams and canals considerable expense and domestic supplies are 
necessarily desilted, but these are secondary importance the great silt 
problem. preserve intact the large agricultural areas must prevent 
soil loss. must learn prepare the land and cultivate such way 
maintain the soil place. the European and Asiatic countries has 
been the practice, for centuries, terrace sloping lands. America has not 
yet adopted this practice. 

non-agricultural areas, such the Western grazing lands, 
doubtful whether extensive structures for soil maintenance are practicable 
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even desirable except certain areas that contribute large quantities silt 
reservoired streams. 

not sufficient merely construct soil-holding structures. Provision 
must made for their continued maintenance; otherwise, the structures 
deteriorate, and the entire volume silt accumulated behind them may 
loosed single storm with much more serious consequences than had 
been allowed pass smaller yearly quantities. 

Once silt has found its way into reservoir—except those for domestic 
supplies—no practicable method has been devised removing it. All 
Man can hope reduce the quantity silt flowing into the reservoir 
such means holding the soil the area may devise. Any 
tures such silt dams, bank protection, built for this purpose, should 
permanent type and ample provision should made for intelligent 
annual maintenance. 

Considerable can done stimulating protective vegetable growth 
favorable areas. unfavorable areas which the West abounds such 
efforts are certain prove futile. Grazing control will have favorable 
effect properly administered although, and large, the results are likely 
prove disappointing. The writer agrees with Mr. Stabler that the Western 
grazing lands are managed primarily the interests permanency forage 
crops for stock production, little more can hoped for the way soil 
conservation from grazing control. 

The data the Colorado River drainage are most instructive. would 
seem that the plateau region deserves extensive study. About 65000 miles 
contribute 75% the silt and only 10% the water supply; yet all that 
silt moved the per cent. were practicable impound that 10% 
the area and use for irrigation instead allowing carry silt into 
the Colorado, such irrigated section would pay handsome dividends even 
never marketed crop. There would some justification for subsidizing 
such project. 

Mr. Grover illuminates, with some new data, the effect desilting the 
Colorado River Boulder Reservoir. miles canyon the clear waters 
issuing from the control gates picked up, and carried suspension, approxi- 
mately 4000000 tons months. 115 miles farther this quantity was 
trebled, and yet during the same period 100000000 tons were left the 
reservoir. 
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Paper No. 1928 
EFFECT SECONDARY STRESSES UPON 
Synopsis 
analysis the action members bridge truss subjected axial 
stress and secondary bending that arises from the deflection the truss 
its own plane, given this paper. The study devoted primarily the 
question the effect secondary stress the ultimate strength 
such members, and, therefore, particular attention given the re- 
distribution that occurs when the outer fiber approach yield 
point. supplementary study, series laboratory tests was made 
determine the actual behavior compression members with thin walls sub- 
jected high secondary stresses and loaded failure. 

From the general analysis, and from these tests, concluded that for 
types members and loading conditions investigated (which are believed 
simulate closely the essential conditions for most bridge members), the 
ultimate strength practically unaffected, even high secondary stresses, 
if, the case compression members, the relative wall ‘thickness main- 
tained the ratio ordinarily required the leading standard specifications. 


The problem secondary stresses has occupied prominent place the 
theory structures since the original investigations the subject Winkler, 
November, 1934, Proceedings. 


Engr. (Sverdrup Parcel), St. Louis, Mo, 
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Asimont, Engesser, and Manderla the late Seventies. correct and com- 
plete analysis was presented Manderla Throughout the half 
century following, the problem has been the subject many researches, both 
analytical and experimental, directed the main toward clarifying and sim- 
plifying the analysis and its experimental verification. considerable 
extent this effort has been successful. The theory secondary stress analysis 
now generally accepted most authorities the same footing other 
statically indeterminate stress analysis, and although the numerical 
lations involved are tedious, various permissible simplifications have rendered 
the method quite workable for office design. 

American engineers became generally interested the secondary stress 
problem much later than European engineers, probably due some degree 
the predominance the pin-connected truss (for which, all connec- 
tions are true hinges, the secondary stresses are negligible) American 
practice, and part general distrust the refinements statically 
indeterminate stress analysis which earlier period was rather wide- 
spread. However, the last two decades (1914 1934) have witnessed 
striking change in, bridge engineering practice. The pin truss longer 
the dominant type; all spans from the smallest the largest are being built 
partly fully riveted trusses, and the problem secondary stresses has 
become leading question structural design. Most specifications now 
require such stresses computed for all sub-paneled trusses and for other 
which there reason suspect that they may large. That for 
many riveted bridge trusses the massive type the secondary stresses are 
high well established, theoretically and experimentally. many cases 
the unit stresses due secondary bending will reach 100% the 
primary unit stresses, and certain extreme cases they may exceed these 
limits. 

The present method providing for secondary stresses design sub- 
ject rather wide variations. Usually, considerably increased unit stress 
(25 above the normal) allowed for combined secondary and primary 
stresses and the member proportioned by, 


section area; bending moment; distance neutral axis 
the extreme fiber; and moment inertia. More commonly, perhaps, 
blanket allowance, applied alike all members, provided the prescribed 
unit stresses. 

number monumental riveted bridges (notably the Quebec 
the Sciotoville (continuous truss), and the Hell Gate (arch) 
Bridges), elaborate and more less expensive special devices fabrication 
and erection were used reduce the secondary stresses point which 
little excess material was required. 


*“Die Berechnung der Sekiindarspannung welche einfachen Fachwerke infolge 
starrer Knotenverbindungen auftreten”, Allgemeine Bauzeitung, 1880. 
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While thus clear that the possible occurrence high secondary 
stresses has been widely recognized and the best standards practice have 
required that these shall either provided for the design largely 
eliminated fabrication and erection, does not appear that any consider- 
able attempt has been made evaluate the effect secondary stress upon 
the actual ultimate strength member. 

clear that the action combined primary and secondary stress 
different phenomenon from that arising from direct stress and flexure 
due applied loads. This will elaborated later the paper; may 
noted here that (a) secondary stresses are not required maintain the 
equilibrium bridge truss; and (b) that they are induced the relative 
joint displacements the structure, which, turn, are conditioned the 
distortion the truss whole; and ‘when these displacements have 
there further tendency for the stresses increase. This 
clearly quite different condition from that which obtains in, say, 
eccentrically loaded column which the deflection and moment, high 
stresses, increase much faster than the load. This peculiarity secondary 
stress action has been Indeed, the opinion has been that 
even high percentage secondary stress, resulting extreme fiber stresses 
beyond the proportional limit, will have little effect reducing the ultimate 
strength the truss, since the increased fiber deformations occurring the 
neighborhood the yield point tend largely relieve the secondary stress. 
While this extreme view has not been generally accepted the profession, 
the subject believed merit more attention than has thus far received. 

practically universal principle design that all fiber 
stresses shall kept well within the yield point the material. This, 
however, subject certain exceptions; for example, bearing stresses 
rivets and pins are generally permitted run 50% excess the stresses 
the main sections. this specification sound and the structure 
designed consistently, means that such local may pass the yield 
point without endangering the safety the structure. also common 
practice permit unit stresses the stiffening trusses suspension bridges 
greatly excess the stresses the towers the cable, comparable 
material used the latter. The logic this practice that the stiffen- 
ing truss not main carrying member and that loaded beyond the yield 
point, the bridge may still danger actual failure. 

scarcely presumed that stresses beyond the yield point either 
these cases would ever regarded other than undesirable, but since 
such condition wonld not produce structural collapse, felt that 
smaller margin safety permissible than would the case for the main 
carrying members. 


for example, und Berechnungen der Briicken”, von Bleich, 
424-486; discussion Edward Godfrey, Am. Soc. E., Transactions, Am. 
Soc. Vol. (1926), 193; and Second Progress Report Special Committee 
Steel Column Research, Am. Soc. E., Vol. (1931), 1220 
clear statement the limitations secondary stresses will found “Modern 
Framed Structures”, Johnson, Bryan, and Turneaure, Pt. III, 14. use made 
this, however, the later discussion the reduction ultimate strength columns 
due secondary bending (see pp. 57-59). 


und Berechnungen der Eisernen von Bleich. 
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somewhat similar argument might well advanced 


secondary stresses can shown that, under the normal range con: 
ditions, such stresses not actually reduce the ultimate carrying power conc 
siderable portion the section stressed beyond the yield point, but may 
permissible tolerate much higher limits for such stresses 
way endangers the safety the structure. The remainder the paper fron 


stress ultimate strength. 


General.—Secondary stresses, considered this paper, arise from the 
the joints the plane the truss when the latter sub- 
jected external the members are connected perfectly. smooth 
hinges (and are non-continuous all joints) stresses can 
develop. If, members are connected riveting (or welding) 
gussets form practically rigid joint, there will be, general, 
some degree restraint the each. member, and corresponding 
bending will secondary end moments any 
truss member, m-n, may expressed the well-known slope-deflection 
equation 


which, represents the angular displacements the joints referred 
their original positions, and the angular displacement the line, 


m-n, each radians. and the between the end 
tangents and the line, m-n, and respectively, the equation for the 
secondary becomes,’ 


which the form originally 

may well call attention here two basic characteristics 
secondary stress action: 


(a) Even when the secondary unit stress high percentage the 
primary, the secondary moments offer appreciable assistance carry- 
ing the loads, and the members are always the basis full 
hinge action the ends. 

(b) The quantities, and Equation (2) are from the 
linear displacements, the truss joints, and for all cases any practical 
importance they are directly dependent upon the axial distortions the 
various truss members and, therefore, are linear functions the loads. 


aus dem Gebiete der Technische von Mohr, 
422 seq; see, also, “Statically Indeterminate Stresses”, John Parcel and 
George Maney, Members, Am. Soc. Chapter VII. 


Framed Structures”, Bryan, and Turneaure, Pt. 
pp. 
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The influence secondary bending upon the ultimate strength 
members depends importantly upon the type stress acting the member 
The several classes are considered separately the following 
discussion. 

Tension Members.—In Fig. shown tension member, m-n, acted 
upon the ends the moments, and any point, distant 
from the left end, the moment (considering clockwise moments positive), 


Values of Deformation 


For the particular case which the end moments are equal, and oppositely 
directed, 


clear that the maximum fiber stress occurs the end the member 
where the larger moment applied, and (if this the m-end) equal to, 


f = + Tecating = (6) 


Since the relation, derived the assumption linear 


stress variation, Equation (6) not strictly correct beyond the proportional 
limit. When the yield point reached and large plastic flow takes place, 
the formula becomes quite inapplicable. The general tendency the re- 
adjustment toward equalization the tensile and compressive fiber 
stresses, respectively, such that given maximum extreme fiber stress cor- 
responds larger resisting moment. 

Assume that Equation (3) valid, then, long stresses exceed 
the proportional limit, the behavior the member practically the 
same whether the end moments are due eccentricity axial loading 
(Mm Sem; Sen), secondary bending. When the region 
plastic flow reached, however, the behavior fundamentally different. 
the first ease, while the extreme fiber stress relieved the stress-strain 
total resisting moment equal must developed 
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regardless the state strain. the latter case, since the 


displacements that are invariably proportional the loads (as long 


remains within the proportional limit), and since given angular displace- 
ment corresponds smaller bending moment when the stresses 
outer fibers approach the yield point, clear that within this region 
the secondary moments increase more slowly than the loads. Some elabora- 
tion this point may desirable. 

Fig. 2(a) typical stress deformation curve for mild steel. Point 
marks the limit proportionality; Point the yield point; Segment 
the region marked plastic flow; and Point the ultimate strength. 
course, Point cannot fixed accurately since there defined 
limit linear elasticity; slight deviations will frequently observed 
fairly low stress. However, not usual find variations from proportion- 
ality any considerable magnitude until the stress reaches the neighborhood 
the yield point, indicated Fig. 2(a). For purposes approximate 
calculation, conventionalized stress-strain diagram, shown Fig, 
sometimes This graph shows, roughly, that when the stress reaches 
the yield-point value Point B’, further increase stress can occur 
until deformation equivalent the length, C’, has taken place. This 
deformation may much ten fifteen times the length, B’, the 
value corresponding linear elasticity. 

evident from the foregoing relations that the case beam 
flexure, plane sections are assumed remain plane, the outer fiber can- 
not stressed beyond the yield point until the fiber stress, over the 
greater part the depth the section has reached this stress limit. 


loaded that the outer fiber stress, QP, just the yield point value 
(Line Fig. 2(b)). the load further increased, the stress curve 
takes the form Area OPQT Fig. particularly noted that 


the contribution the beam deflection vertical slice thickness, dz, 

beanspruchte von Ostenfeld, Mitteilungen No. Lab. 

fiir Baustatik, Technische Hochschule, Copenhagen, 20. 
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Section POR, the two cases will the proportion PQ’ PQ, 
while the moments will have the proportion PQTO PQO. clear 
from this illustration that when the outer fibers reach the yield point, wide 
range beam deflection possible without any appreciable increase the 
extreme fiber stress. Since the angular rotations the ends member 
increase more rapidly than the axial loads, will impossible even 
with high secondary stresses for the extreme fiber stress exceed the yield- 
point value without the distortion increasing far beyond any value reason- 
ably expected truss service. simple example may taken 
illustrate the point. 


VAS 


will assumed that truss member, m-n, symmetrical cross- 
section, subjected the end, average axial tensile stress 


the secondary end moments. Then, the maximum stress the member 
will the end, the side the tensile flexural stress and will 
given Equation (6). 
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The stress graph indicated Curve ABCD Fig. 4(a). Let 


15000 per in.; and that the yield-point stress, fy, 35000 
per The maximum fiber stress, AB, then just the limit beyond 
which plastic flow takes place. 
Let now assumed that receives increment 50%, bringing 
hold, would become 1.5 15000 22500; the total maximum extreme 
fiber stress would 500; and the stress graph would the curve, widt 
shown Fig. the other hand, assuming yield-point that 
000 per in., clear that this value cannot exceeded until the ratic 
extreme tensile fiber has suffered stretch approximately ten times that How 
ordinary depth, for any such extreme deformation take place unless 
the entire section stressed the yield point. Therefore, redistribution 
stress must expected the tensile side similar that shown 
Again, noted that, long the average axial stresses are below the 
yield point, the tangential deflection angles Equation (3)) are 
proportional the primary unit stresses. this case (for the small angles 
involved the deflections steel structures), the angle, should 

increased the proportion The actual stress graph 
a 

Fig. Even much higher ratio assumed, the modified stress 

graph quite similar. approaches the yield point still closer, the 

secondary stress becomes negligibly small indicated Fig. 5(a), the neutral 

axis shifting toward the side compressive flexural stress. stre 

The preceding discussion based upon the conventionalized stress-strain lim 
diagram Fig. 2(b). the more correct relationships Fig. 2(a) are con 
used, stress graph similar that shown Fig. 5(b) results (for ign 
slightly below the yield-point stress). 

may concluded from this analysis that the redistribution stress 
which occurs the neighborhood the yield point ductile material, 
such structural steel, will practically nullify any effect secondary 
bending. 

Fig. shows the elastic curve and moment diagram for bar under 
primary tension, and equal secondary end moments, Within the 
proportional limit the moment diagram appears Area abcd Fig. pre 
the extreme fiber stress (which maximum the end) passes the 
proportional limit, and the material begins flow, much smaller moment the 
corresponds given rotation. Since latter which increases 
proportion the primary stress, when the strain reaches the plastic range, 
the moment will tend fall off and the diagram will approach the 


form, (Fig. The elastic curve tends become flat; the curva- 


vo 
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ture (and the region over-strain) confined short distance each 
end and Fig. 

There precedent for ignoring over-stress this type 
localized. Mention has been made higher unit stresses allowed bearing 
rivets and pins (see “Introduction”). may also noted that most 
riveted end connections are productive considerable local over-stress. 


Reference may also made the fact that the presence hole 


plate, otherwise uniformly stressed, results heavy stress concentration 
the edge the hole. the diameter the hole small that the 
width the plate may assumed infinite comparison, analysis shows 
that the stress the edge the hole three times the average. For normal 
ratios diameter widths, tests have shown stresses 2.3 times the average. 
However, the re-adjustment that occurs when the highly stressed region 
reaches the yield point, any effect the ultimate 


(a) Elastic Line 
é 
Fic. 6. Fie. 7. 


strength. The two stress graphs are shown Fig. 7.~ Below the elastic 
limit relatively high local stress concentrations must occur all plates 
composing riveted members; but, for reasons just stated, these are properly 
ignored all normal 

the ultimate strength tension bar understood its extreme 
strength bridge member, this value limited average 


stress, equal the yield point the material. The preceding discussion 


tends show that this effective strength unchanged any degree 
secondary bending that may expected well-designed structure. 
Compression Members.—It well known that flexure combined with com- 
pression produces different behavior member from that which occurs 
under flexure and tension. The axial stress the latter case tends decrease 
the bending where the former case increases it; the moment represented 
the axial stress times the deflection adds the normal flexural moment, 


for presentation the theory (originally due Kirsch) see, also, “Applied Elasticity”, 
Timorhenko and Lessells, and “Theorie und Berechnungen der Eisernen Briicken”, 
Bleich, pp. 249-252. 
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and moderately flexible members high stresses the total moment builds 
rapidly. When the more highly stressed fibers pass the proportional limit, 
and the deflection begins increase faster than the stress, the member pro- 
ceeds rapidly failure. 

Most the compressive chords (and frequently other compression mem- 
bers) bridge truss are stocky type which, even when subjected 
bending stresses from 100% the axial stresses, shows relatively 
slight deflections from straight line. The ultimate strength such mem- 
bers reached when the average stress over the section reaches, approaches, 
the yield point the material. 

considering the strength compression members under primary and 
secondary stresses, the secondary end moments may either the same 
opposite signs. When the moments are the same sign and nearly 
the same magnitude, the member bent into curve, the moment 
near the center zero, and the deflections are small that any ordinary 


case buckling action for the member whole (giving rise failure) 


practically negligible. When the moments are oppositely directed, the 
member bent single curvature, the maximum deflection occurs near 
the center, and the buckling tendency may considerable. 

Compression Member Bent Single simplicity con- 
sider the case which the end moments are equal magnitude. One 
analysis the effect secondary bending the ultimate strength 
column bent single curvature proceeds the assumption that the action 


analogous the case virtual eccentricity each end.” this 


100 150 
Values of Slenderness Ratio, 


method found that considerable reduction column strength results 
from the secondary bending. For example, 40% secondary stress reduces the 
strength short column about 28%, assuming the limit determined 


the maximum fiber column with slenderness ratio, 


“Modern Framed Johnson, Bryan, and Turneaure, Pt. 
57-59. 
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the end moments. 

This theory open serious criticism applied members that develop 
any considerable curvature the central line before failure, because, such 
cases, the effect the moment, such cause the angle, increase 
more rapidly than the loading. This effect ignored the common (as dis- 
tinguished from the exact) theory secondary stresses. 

Moment diagrams for two successive loading stages are shown Figs. 


8(b) and 8(c). clear that: (1) and (2), that these 
Area 
ratios, due the effect the moment, cannot the proportion 


75, however, reduced 35%, due the added buckling tendency from 


more thorough analysis presented shows that 


sin 


This remarkably simple form admits ready comparison with the case 


will found that, since much more slowly than sec the 
sin 


effect secondary bending the buckling column relatively much 
less than for end moments that increase direct proportion the load (as 


would the case for eccentric loading). Since the first case, and 


? 
the latter case, the same values are taken for these terms 
(say, 25% and 36000) the for Equations (9) and (10) 


Transactions, Am. Soc. E., Vol. (1931), 1221 seg. 
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This analysis not strictly correct that, while seeks make the 
tangential angle, and not the end moment, proportional the load, 
the correctness Equation (3). The correct relation, however, 


which, and are converging infinite series Thus, 


2 
000 
rigorous analysis the problem possible, but the resulting equations 
are exceedingly involved and are not readily applied. Their interest largely 


academic, since glance the graph the approximate equation 
will show that, for all values less than 70, the effect secondary 


0.25 


buckling action, measured this case the ratio, slight, 


sin 
and for values less than 50, quite negligible. This holds true regardless 
the value (herein assumed equal per cent). Two further facts 
are noted: 


(1) Extremely high secondary stresses nearly always occur members 
bent S-curve. The lower section the end post sub-paneled trusses, 
trusses with collision strut, practically the only exception this rule. 

(2) From consideration the properties bridge trusses and the man- 
ner which secondary stresses arise, virtually impossible for high 
secondary stress developed member bent single curvature which, 
the same time, slender enough develop any considerable buckling 
action. The exceptions this rule are too few importance 
ordinary: design. With percentage secondary stress 35, less, the 
dotted curve Fig. shows that, far buckling concerned, columns 


with values ranging from 80, have practically the same strength 


similar pin-ended columns with 


Compression Members Bent Double the secondary 
end moments are the same direction, the bar will bent into S-curve 
for which the moment diagram shown Fig. 10. (It again assumed for 
simplicity that the moments are equal.) 

The deflections this case will much smaller than for bending single 
curvature, and the points maximum deflection will fall outside the quarter- 
points. Obviously, such case, the effect secondary bending the 
buckling action the column whole distinctly favorable since 
forces the member bend double curvature, and the added bending 
moment due axial stress practically negligible. The high flexural stresses 
are near the ends the member, and, general, the effect the secondary 


Framed Structures”, Johnson, Bryan, and Turneaure, Pt. II, 512. 
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stresses ultimate strength the same for tension members previously 
discussed; that is, high extreme fiber stress occurs over region, 
and the neighborhood the yield point the re-adjustment stress due 
plastic flow reduces the effect negligible proportions before the average 
stress reaches the yield point. 


10. 


Local Buckling Thin-Walled Compression bridge 
trusses the massive type for which the stresses reach high’ per- 


centages will have relatively stocky chord members (42 Built-up mem- 

bers such proportions show little transverse deflection until the aver- 
age unit stress passes the proportional limit, and their ultimate strength 
ordinarily from 100% the stress the material. 
generally considered that, for columns this type, failure imminent 
when any considerable part the section the yield point 
(although the average stress may considerably less). More often than not 
the failure occurs through buckling one the comparatively 
wide, thin plates that make the section. 

Consider the top chord bridge the conventional box type section. 
Assume the material have yield point approximately per 
in, and the maximum permissible primary unit stress 000 per in. 
The secondary stress will assumed 100% the primary. Under maxi- 
mum working loads, then, the material the most stressed side loaded 
approximately the yield point. the bridge should subjected 50% 
over-load, and the secondary moments are taken proportional the angular 
changes (that is, Equation (3) were still hold), the extreme fiber stress 
would 51000 per in., although the average would only one-half 
this value. has already been shown that beyond the proportional limit 
important re-adjustment stress and strain takes place, resulting large 
decrease the actual secondary stress. None the less, the 
member assumed bent throw the upper side into compression, 
the entire cover-plate and portion the top angles and web (amounting 
the yield would appear reasonable suppose that the 
independent piece, would the verge buckling soon 
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the yield point reached, and since the high secondary bending causes thig 
state stress reached much sooner than otherwise, pertinent 
ask whether this may not hasten failure and thus reduce the ultimate strength 
the member. 

The analysis the buckling plates due loads their own plane 
now well developed. The theory was initiated Professor 
many years ago; has been further developed and its applications (particu- 
larly structural problems) greatly extended Professor 
his classic memoir elastic stability. Further important contributions 
the subject have been made Professor the late Hans 

The most comprehensive analysis the buckling plates parts 
bridge members that has yet appeared, far the writers know, has been 
presented Professor Bleich.” Professor Bleich attempts include 
his analysis the effects partial restraint the edges the plate and also 
extend the results into the “plastic” range. 

Some results these analyses may summarized briefly. plate 
length, width, and thickness, considered loaded the direc- 
against linear (but not angular) displacement along the edges parallel the 
loading, Bryan’s formula for buckling single wave is, 


which, Poisson’s ratio (usually 0.25 0.3 for steel). 

Bleich proposes using variable factor, function the stress, 
modify the value for stresses beyond the proportional limit. For condi- 
tions assumed Equation (13), derives, 


For this reduces Bryan’s formula. 


From Equation (13), for fixed ratio will vary with the quantity 


the square bracket and will maximum for giving, 


Taking 0.3, Equation (15) gives 900 per in., and 400 per 


Proceedings, London Math. Soc., 1891, 54. 


“Sur Stabilité des Systémes Elastiques”, Annales des Ponts Chaussées, 1913, 
Vol. 496 seq. 


1900, die Knicksicherkeit ebener Zentralblatt der 


Beitrag zur Theorie der Knickerscheinungen”, Der 1916, 281 


Springer, 1924. pp. 216-239, Berlin, 
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the edges are fully fixed, the foregoing buckling loads are practically 
doubled. Undoubtedly, the true condition intermediate between these extremes. 
These results tend show that for normal proportions compression chord, 
buckling the cover-plate will not take place within the elastic limit the 
material. Beyond this point, course, the formula does not apply. 

evaluating his expression for the buckling load the more general case 
which some the material may strained beyond the proportional limit, 

Bleich, after lengthy obtains for (in tons per square centimeter), 


in. Again, should noted that these values are for the case edge 
restraint. 

Any attempt take into account the variation beyond the propor- 
tional limit attended with much difficulty; hence, Equation (16) cannot 
regarded more than roughly approximate, and scarcely applicable the 
region large plastic flow. 

applying the buckling formulas the secondary stress problem, con- 
sideration must given the important difference between plate with 
freely supported edges, loaded its plane, and, say, cover-plate chord 
member under combined primary secondary stress. the former case, 
when the stress reaches, closely approaches, that corresponding the 
point, the stress-strain curve Fig. any further increase will result 
distortions many times great those previously sustained. Such dis- 
tortion has the effect grossly exaggerating any slight imperfection 
material manufacture, and since plate perfectly straight homogene- 
ous, relatively large transverse deflections are developed which lead immedi- 
ate collapse. 

the case cover-plate subjected combined primary and secondary 
stress causing the extreme fiber reach the yield-point value, equally 
true that any material increase the stress will probably result buckling 
failure. has been shown, however, this increase cannot take place long 
the average stress the section well below the yield point, since must 
accompanied large plastic flow, and, due the restraint the adjacent 
material, such large flow cannot possibly occur one part the section until 
practically the entire area stressed the yield-point region. appears 
reasonable suppose that what actually happens that the yield-point 
stress reached the cover-plate, practically constant state stress 
maintained under increasing load, while the deformation (which this region 
large plastic flow may vary widely with almost change the stress) 
varies only required produce the necessary secondary displacements. 
long the average primary stresses are within the proportional limit, these 
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secondary displacements will increase faster than the applied loads. 
other words, the free flow (accompanying stress reaching the yield point) 
which would take place independent plate, restrained comparatively 
small limits the action the neighboring material the case axial 
stress and secondary bending, and this, may expected, will have large 
effect reducing. the buckling tendency the cover-plate. 

When the average stress the section passes the proportional limit, the 
cover-plate distortion begins increase rapidly, and somewhere between this 
and the yield point the column whole, local buckling the cover may 
anticipated. 

One further point deserves some emphasis. When the common theory 
secondary stresses applied, assumed, course, that the law linear 
elasticity applies and that the effect bending due negligible, 
When, therefore, discussed previously, average primary stress 26000 
per in., and secondary stress equal 100% the primary, are com- 
puted for any member, what really happens that the member distorted 
the end that the tangential angle such would correspond 26000 
per in. flexural extreme fiber stress, assuming constant and the 
effect axial stress bending negligibly the stress-strain diagram 
Fig. 2(a), will noted after the limit strict 
proportionality passed (that is, when becomes variable and function 
the load), that there considerable deviation from linearity before the 
region free plastic flow reached. The actual deformation Point 
(the beginning marked plastic flow) will ordinarily equivalent that 
material followed the linear law. other words, the variation 
before the actual yield point reached, sufficient take care 
nominal extreme fiber stress due combined primary and secondary effects 
considerably greater than the yield point the material, and probably equal 
any value found well-designed trusses, even the heaviest and most 
rigid type. 

The possible effect stresses beyond the elastic limit upon local buckling, 
especially the cover-plates the standard type chord sections, the one 
point upon which the deductions from rational analysis are rather indecisive, 
and, the preceding analysis sound, the only manner which there 
any reason suspect that the ultimate strength compression member 
may affected appreciably secondary stress. These facts seemed justify 
experimental study the phenomena failure built compression 
member the box type subjected high percentage secondary stress, 
with particular emphasis the behavior the cover-plate the region 
high local the following seetion, account presented 
limited group laboratory tests undertaken throw some light this 
particular phase the secondary stress problem. 


Model Simulation experimental study consisted the 
testing four columns symmetrical section standard types, giving all 
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eight separate tests columns under the action secondary stress and direct 
axial, primary, stress. Column No. was made the shop the 
Experimental Engineering Laboratory, University Minnesota, Minneapolis, 
Minn., and the remaining sections were fabricated the Minneapolis Plant 
the American Bridge Company. All specimens were relatively small 
cross-section the testing machine available was not sufficient capacity 
handle full-sized normal bridge chord. 

Because the difficulty ‘simulating the partial fixity the ends 
member riveted truss, introducing would the problem controlling 
and measuring the induced rotations, all specimens were tested with hinged 
ends. Such member closely analogous the top chord member pin- 
sub-paneled truss with the members continuous over the sub-panel 
points (see Fig. 11). truss this type, while nominally classed pin- 
may show high secondary stresses such places Point How- 
ever, should emphasized again, the object the experiments was 
study the behavior built compression members under high local stress due 
combined primary and secondary action. long the essential features 
such action are maintained, immaterial for the purposes the test 
whether not all details correspond those which obtain the case 
actual truss member under high secondary stress. 

true, course, that ordinarily the highest percentages secondary 
stress occur trusses with fully riveted chords. Fig. 11, Joint will 
deflect about the same amount regardless the end Member 
the end joints are fully riveted, the added stiffness the member 
due the partial restraints Points and will cause (for approximately 
constant center deflection) considerably higher secondary stress Point 
than would the case for pin connections. long the fundamental 
characteristics secondary stress behavior are. preserved, however, high 
stresses, artificially produced, will have the same local effect member 
given cross-section these same stresses were brought about exact 
simulation all the details riveted truss action. This remark applies 
also the method loading which was followed the test. 

Again referring Fig. 11, will noted that Member 
moved, there will secondary stress Point since this latter caused 
the displacement Point relative Line DF. This displacement 
tends transmitted Point through Member (the blank strut), 
developing considerable tension the latter. The action identically that 
beam, DEF, with transverse load Point with this exception: 
The deflection Point (and, therefore, Point strictly limited 
the relative displacement arising axial distortions, and which may 
computed analytically means Williot diagram. Quite contrary 
the case free transverse load Point when the displacements have 
the prescribed value, Point rigidly held position, further 
deflection being possible. This the unique characteristic secondary stress 
action. can simulated accurately the case column 
applying the axial loads, together with certain controlled deflection. If, 
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such case, one wishes study the behavior the member given stage 
combined primary and secondary stress, immaterial whether (a) given 
primary stress applied, and then the desired deflection induced; the 
desired deflection induced and then the direct stress applied; (¢), 
the two are developed simultaneously, 
The second method was followed 
this investigation. 

The columns tested were made 
conform the foregoing condition 
being subjected constant bending 
deflection and consequent secondary 
stress the axial stress was increased, 
This combination gave maximum 
effects due combined secondary and 
primary stresses the center line, 
with primary stresses only acting 
the ends. order realize this con- 
dition the columns tested were placed 
inside rectangular frame rigid 
I-beam sides with thin flexible ends. 
The bending deflection the column 
was then maintained constant 
value the use toggle extending 
about the sides the frame. The 
flexible end plates were sufficient 
transfer the transverse thrust, but not 
stiff enough cause appreciable 
moment the end the member 
interfere with the axial loading 
the column the testing machine. 
this manner combination 
stresses was maintained the cover- 
plate the column analogous the 
combined primary secondary 
stresses the stay connection 
Member DEF Fig. 11. The actual 
amount the secondary stress was 
thus dependent upon the transverse 
deflection given the specimen and was varied somewhat for different sections, 
depending upon their properties. Reference the general photograph the 
set-up (Fig. 12), and the detail drawing Column No. (Fig. will 
help clarify the description the specimen and testing frame. 

Column Dimensions and No. Table was similar 
the standard top chord section bridge, consisting plates and angles 
with top cover and open bottom (see Fig. Because the limited 
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proportions follow closely the top chord the typical truss 
Framed Structures”, Johnson, Bryan, and Turneaure, Pt. III, Pl. 


EFFECT SECONDARY STRESSES UPON ULTIMATE STRENGTH 307 


capacity the testing machine and the difficulty providing the necessary 
transverse bending force the toggle, the model was made one-fifth the area 
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the chord member referred to, closely commercial material would 
allow. (The diameter the rivets was 0.17 in., the rivet holes being drilled. 


The rivet spacing the angles the same the cover-plate.) For Test 
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Column No. was the same for Test except that was shorter. The 
only change the riveting was the cover (see Fig. 14(d)) for which new 
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base plate otherwise, the details the center line and ends 
were the same both cases. and were slightly dif- 
ferent section, being made two standard channels with two cover-plates 
(closed). Because the symmetry the section, two tests could made 
from each specimen. They were fabricated the standard manner using 
punched holes and 3-in., hot-driven rivets, while Column No. had small cold- 


PLAN 
A Symmetrical about Center Line 8? 


Two 7-in Channels @ 9.8 Ib 


SECTION A-A 


AND DIMENSIONS, CoLUMN No. 


driven rivets drilled holes. The ends the members were milled pro- 
vide full bearing. The properties and detail drawings the various column 
sections are shown Figs. 16. No. was the same Column 
No. (Fig. 15) except for the welded bars shown Fig. 16. 


Bars Arc-Welded 
Cover Plates Fillet 


Test axis the member was set nearly vertical the 
testing machine could done with hair wire and weight. The pins were 
the centroid the section closely this could measured and 
transferred the base plate. Pins were flattened one side fix the point 
rotation and give definite value the plane considered. They 
were supported cylindrical heads the other plane fit them any 
angularity between the column ends and the testing machine. The detail 
drawing Column No. (Fig. 18) will make the test set-up clear. 
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The initial loading used all cases was 1000 and the 
axial loading were equivalent 2500 per in. the section for the 


first test, and 5000 per in. for the second test, each specimen. Strain 
readings were taken all increments loading and, many cases, loadings 
were repeated several times establish the behavior the member more 
definitely. Strains were obtained Column No. the Whittemore strain. 
gauge, and Columns Nos. and both Huggenberger tensometers 
and the Whittemore gauge. Consistent deformations were obtained 0.00001 
in. per in., equivalent stresses approximately 300 per in., with the 
aforementioned apparatus. Gauge lines Column No. consisted five 


10-in. lines the compressive face, and six 10-in. lines the tensile face 
placed symmetrically about the center line. Gauge lines Columns 
and consisted one 10-in. line and four 1-in. lines each face 
symmetrically placed. (See Fig. 17.) 
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Whittemore 
Gauge Lines 


(b) GAUGE LINES 
(a) GAUGE LINES COLUMNS 
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Center Line Center Line 


Fic. 


the deflection the column was maintained constant value 
such that the nominal secondary stress remained constant throughout the 
range primary loadings below the material yield point, was necessary 
measure the deflection value accurately. This was accomplished means 
optical micrometer the case Column No. and electrical contact 
screw micrometer for Columns Nos. and measuring the deflection 
between hair wire and point the specimen center line the web. 
must noted that the actual column deflection was not measured any 
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case, the hair wire was not fastened the point rotation the column 
ends, but some point the deflecting structure. This had effect the 
problem because was only necessary have relative value that could 
measured and maintained. The deflection was not used directly for stress 
calculations, but was kept constant relative value order give cer- 
tain nominal secondary stress. the case Columns Nos. and the 
wire was fastened closely the point rotation that approximately 
the actual deflection values were read, while the case Column No. the 
wire was fastened the one-tenth points the specimen. This fastening 
necessitated calculation the elastic curve the column that approxi- 
mate value the relative deflection between the one-tenth points and the 
center would available. The elastic curve was calculated carefully, and 
was noted that little change occurred the deflection values for large 

range axial loadings. The equation for the elastic curve based con- 

stant center deflection and variable axial loading takes the following form: 


was decided use secondary stress approximately 000 per in. 
for Column No. Test giving, roughly 50% secondary stress the 
material yield point. Since this test indicated that such value was insuf- 
ficient cause local failure develop before the normal ultimate strength 
the columns was reached, all later tests value 20000 per in. 
was used attempt produce more marked local effect. Using approxi- 
mately secondary stress 20000 per in., the required deflection the 
column was calculated and this value used basis for the approximate 
measurement the tests. Table gives deflections and lateral 
loads corresponding required secondary stress values. (The action the 
column under lateral load was that simple beam prior the application 
axial loadings.) 


TABLE Loaps anp ror AssuMED 


Lateral load, Displacement, Stress, pounds 


During the testing operations the deflection was checked and corrected 
necessary each increment axial loading, and when the axial stress 
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reached value sufficient reduce appreciably the lateral force necessary 
maintain the deflection, the stability the columns was assured stressing 
the toggle the compressive face, thereby 


venting sudden -failure the direction 


the imposed This additional toggle was 
also used adjusting the deflection after the 
bending resistance the column had been reduced 
due plastic flow, and the original transverse 
would have caused more than the required 
deflection. 

Before testing, the specimen was painted with 
dilute solution plaster Paris and water 
make the strain lines visible. These are clearly 
shown Fig. 19. The strain lines were recorded 
and sketched they during the test 
and typical set shown Fig 18, with Table 
Determination the transverse force neces- 
sary maintain the required deflection was 
accomplished strain measurements 
toggle-bars and subsequent calculation the 
force transmitted. indication the 
duction moment and consequent reduction 
the transverse force, the material the 
column cover-plate approached the yield point, 
and stress re-adjustment took place, the measured P-values are given Table 
for Columns Nos. and 


_ Center Line 


1© | Center Line 
w > > 


(a) COVER (6) WEB 
18, 


Strain Line No. Load, Strain Line No. 
(see Fig. 18): pounds (see Fig. 18): 
Bites 188 250* 
301 000 


Lines Loads and for face not shown Fig. 18. 
lines appeared this load. 


For the purpose this paper, was not considered desirable reproduce 
all the test data detail. Tables and present the data from Column No. 
Test and Column No. Test showing deformations, millionths 
inch per inch, for various axial loadings. These data are 
typical examples all eight tests, there being remarkably close 
all cases. 


Load, 
pounds 
157 000 
215 000 
268 500 
322 000 
354 000T 


~ 
s 
~ 


a 


Fic. 


4 
q 


314 EFFECT SECONDARY STRESSES UPON ULTIMATE STRENGTH 


per inch inch 
108 000* 538 16 150 39 bt bee | 19 400 
161 500* 493 14 800 7 800 
188 250* 497 14 900 17 900 171 5 130 3 080 14 820 
215 495 850 800 264 930 760 
123 800* 463.5 13 900 16: 16 700 
S48 40 1 200 720 15 980 


Column deflected position. 
t Readings discontinued at this point. 


The ultimate loads for Tests and were 167 800 and 381 800 re- 
spectively, corresponding stress per in. and 700 per 
in. Column No. (see Table 5), failure occurred first the web, 
near the base, after which the cover-plate buckled. set millionths 
in. per in, shown the tension side, which indicates that even this 
side was stressed beyond the elastic limit (compression forces). 


Lengthening (Tension)) 


Bottom Angles and Web 


Cover-Plate 


Properties the Column Material—The modulus elasticity the 
material was determined from the load-strain relations the column under 
axial loadings only, and checked several cases similar tests coupons 


Total 
27 
108 
134 
161 
188 
301 
Loads, No. 
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Lengthening (Tension)) 


Compression Cover-Plate Tension Cover-Plate 
104—1 122—1 100—1 +359 +408 +446 


Column deflected position. 


cut from the column itself. Table gives the moduli for each column 
determined the tests the columns themselves. These values were used 
determining stresses. 


DETERMINED TESTS 


Range loading 
Column No. Instruments used stress, pounds No. sets 


per square inch 


Huggenberger....... 20 000 28.8 X 108 24 

Whittemore......... 20 000 28.8 x 108 10 
Huggenberger....... 20 000 28.6 x 108 32 

Huggenberger....... 000 29.0 10° 


was necessary conduct part the test with some the 
material stressed beyond the elastic limit, the 
strain curves for the material were obtained order that estimate the 
stress increase after passing the elastic limit could made. piece 
material from the same rolling was used determine the relations for 
Column No. (see Fig. 20, Curve A). For Columns Nos. and 
coupon was cut from the cover-plate Column No. (see Fig. 20, Curves 
Band The modulus elasticity seen check closely that determined 
from the columns. noted that the curve nearly horizontal beyond the pro- 
portional limit even though the deformation was several times that the 
yield-point stress. this basis the stress carried any materia] beyond 
the yield point was assumed constant and intensity equal the 
yield-point value. 

inspection Fig. shows that the increase stress after the pro- 
portional limit reached and before the curve becomes flat make 
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the stress nearly constant approximately 500 per in. for Column 
and from 3000 per in. for the remaining columns. The 
portional limit for the material Column No. was taken 000 per 
in., which gave value 500 per in. for maximum stress, cloge 


in of an per Inch 


40 


32 


24 


16 


Stress in Kips per Square Inch 


check the ultimate strength the column. Similarly, the proportional 
limit the materials Columns Nos. inclusive, was found 
per in., with maximum value approximately 35000 per 
in., which also good check the ultimate strength the columns, 
computing stresses the cover-plates from the measured strains, 
must remembered that the deformations obtained the Whittemore gauge 
are average values over 10-in. gauge length. (The Huggenberger gauges have 
gauge lengths.) When the column deflected under transverse moments 
these deformations not represent the maximum strains, inasmuch the 
strains due bending vary from maximum mid-length zero the end 
the column. This results appreciable change the resultant unit 
deformation within the gauge length the instrument when long gauge 
lengths are used. approximation the difference between the maximum 
and the average reading may estimated the basis the moment change. 
Since the moment nearly proportional the distance from the end the 
column (concentrated load), the moment diagram approximates triangle 
and the deformation decrease proportional the average decrease 
length from the end. this case 128.2 in. for Columns Nos, 
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Since the deformation from bending was approximately one-half the total, 
the error involved neglecting this factor was approximately per cent. 
this value approximately the probable error reading, loading, and 
sectional area, has been neglected the curves and stress calculations. 


Tension) 


Cover-plate Bottom angles Cover-plate Bottom angles 


+686 —18.2 +21.0 
+405 —29.0 +12.4 


Column deflected position. 

Estimated from set millionths inch per inch 000 Ib. with specimen not deflected. 
Tables and give the stresses for the two tests determined from the. 
strains given Tables and and the moduli elasticity given Table 
After the proportional limit has been passed these stresses are incorrect, 
and the values are only given show the nominal stresses that would occur 


TABLE AND STRESSES DETERMINED FROM 


Tension) 


54 500 — 915—25.3, +564 j+15.6 868—25.0— 920-—26.5 +545+15.7 | +622 +17.9 
81 250 —1 003\—27.8 +458 |+12.7 — 949'—27.2—1 005—29.0 +455-+13.1 | +522 |+15.1 
108 000 —1 104—30.6, +374 \+10.4 042-—-29.4—1 111}—32.0, +371+10.7 | +427 |+12.3 
134 750 —1 241—34.4 +269 (+ 7.45—1 132—32.6—1 225\—35.3! +290 + 8.35 324 + 9.3 
161 500 —1 436,—39.8, +171 4.7 233,—35 .6—1 271-—36.6, +205,+ 5.9 +224 + 6.45 
188 250 —2 088—57.8 + 11 |+ 0.3 1 reg Mirae iy ~ ner + 90+ 2.6) + 76 + 2.2 
uckle 
215 000 —2 557) | —109 3.0 637 + 9+ 0.26 — 31 0.89 
251 000 796)......| —326 9.0 |.. -| —166\— 4.78, —244 7.02 
301 000 | 18.6 —429—12.4 | —586 Fert 


the plate were Hooke’s law still operative. The actual values after the 
elastic limit has been passed, have been discussed previously. 

Re-Adjustment Stress-Strain Relations.— plotting the measured 
stresses the compressive and tensile faces the column with respect 


ive 
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fixed line, graph stress distribution across the section was 
After the proportional limit passed the compressive side this 
longer straight line, and, finally, the part the curve beyond the 
material yield point becomes asymptotic the line representing the ultimate 
unit strength the column. The gauge lines used determining the 
stresses plotted are given the graphs shown, that reference Fig. 17, 
the section referred will readily identified. Fig. contains examples 
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these curves for the data Tables and should emphasized 
again that the curves presented are nearly identical with those the 
other tests. 

Fig. 21(a), the curve for the load has been shaded for the 
purpose illustrating the re-adjustment more clearly. ‘This curve shows 
stress the tensile face 22000 per in. compression, and the 
straight portion were extended, would give stress approximately 000 
per sq. in. the compressive face. Since the yield point was determined 
39000 per in., and the ultimate testing strength 42800 per 
in., evident that such high nominal stress cannot occur and that 
re-adjustment consequent upon plastic flow must take place indicated 
curvature the graph. The direction the straight portion was made 
parallel, all cases, the last curve which the end points were within 
the elastic limit. The shaded area represents the bending stress over the 
section, while the heavy dashed line (which intersects the curve the indi- 
neutral axis) shows the axial stress. Fig. 21(a) shows this section 
almost completely under the action axial stress failing load. 

Cover-Plate views Column No. Figs. and 
19(f) show buckle occurring the point critical stress. (This 
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had cover-plate relatively thinner than permitted standard specifica- 
tions.) The significance this action will discussed later. will suffice 
here note that seemed worth while investigate the feasibility the 
application simple stiffening device the plate. This was done 
the case Column No. which (see Fig. 16) duplicate Column No. 
except for the plate stiffeners. special attempt was made develop 
the most practical device for commercial use; nor was any attempt made 
follow welding schedule and reduce heating effects. The object 
view was test the effectiveness the simplest type stiffeners sup- 
porting the wide, thin cover-plate when buckling was impending, that 
might suffer certain amount plastic deformation without “dishing” 
out its original shape. Since little force necessary restrain such 
plate from bending, small sections were welded the cover-plate give the 
necessary support against displacement normal its plane, and thus, 
effect, cut down the free width. was felt that simple device could 
applied which would make the thin plate resistant buckling 
thicker one, this would desirable result regardless the fact that 
the specimens tested the plate buckling did not materially reduce the ultimate 
strength. 


Discussion 


For specimens the dimensions and character used this study, 
would reasonable expect that high degree integrity section would 
maintained under intensity stress corresponding ordinary work- 
ing values. Column No. however, noticeable slip was observed 
between the web and the flange. The deformation difference amounted 
approximately 30% the bending strain. For the plate and channel sec- 
tions used Columns Nos. and direct measurement the slip 
was made Column No. However, since the stress-deflection values 
checked rather closely, was concluded that appreciable slip had occurred. 

Fig. shows strain lines occurring both flanges the specimen and 
across the web joining the two flanges. Since the nominal secondary stress 
due bending was approximately 000 per in., such strain lines could 
not have occurred the tensile side, under elastic conditions, until the 
average axial loading had reached per in. (the yield point being 
approximately per in.). the ultimate axial load was approxi- 
mately 35000 per in., evident that the secondary bending was 
telieved the plastic condition the compressive face, which permitted 
angular change take place with much lower extreme fiber stress. 
This angular change, turn, reduced the tensile flexural stress, with the 
that the stresses due the axial load 35000 per in. were 
sufficient cause appreciable yield. That complete re-adjustment resulting 
nearly uniform distribution over the section was the final state stress, 
evident from examination the strain lines the tensile cover- 
plate, which, while nominally holding stress 15000 per in., passed 
the elastic limit despite the fact that the ultimate average axial stress was 
only little greater than the value the elastic limit measured. 
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The stress distribution curves (of which Fig. 
out further the action indicated Fig. 19. They show redistribution 
stress within the plastic range complete agreement with the 
analysis presented previously. the loading increased, the 
axis progressively lowered until lies near the edge the section; the 
bending stresses become negligible and the distribution nearly uniform 
the entire section. 

Referring Fig. and recalling that the plastic deformation ‘in ‘the 
neighborhood the yield point approximately fifteen times the 
deformation the proportional limit, obvious that would 
far greater secondary bending than the value developed the test cause 
the extreme fiber stress exceed the yield point; that is, reach Point 
Fig. Assuming elastic behavior, the test loading gave 
mum extreme fiber stress 55000 per The corresponding 
deformation, however, was less than twice the value occurring the propor 
tional limit; for the stress reach the value, would require six 
eight times this deformation. 

Another point emphasized the fact that the assumed 
remain approximately constant value the compressive face 
the yield traversing the flat part the curve Fig. 2(b), even though the 
material flows freely without appreciable increase stress, can deform 
only limited extent because the action the remainder the section; 
and, until such time the entire section approaching the yield point, 
will deform only enough get relief from additional stress, while continuing 
hold its yield-point value. This condition radically different from that 
slight yield. 

examining the distribution curves interest note that when 
yield the compressive face shown curvature the graph, the 
increment stress received the tensile plate for uniform increments 
loading constantly increasing. measurement this change gives 
idea the “relief” the bending stresses plastic flow permits the column 
assume the deflected position that originally caused the secondary 
further estimate this relief obtained from Table which gives the 
measured transverse force, necessary cause the original deflection and 
its value during the test plastic flow was reached. The reduction shown 
quite marked. The amount bending stress remaining (as shown 
the stress diagrams Fig. 21) may checked comparison between the 
permanent set the column after test and the deflection used for 
stress, the difference deflection being used approximate calculation 
the bending stresses necessary cause this small deflection. The 
the permanent set are given Table 10. 

examination the data presented Tables and in, the 
plotted graphs, shows deformation along the center line the column 
what greater than that the rivet lines. Since the bending: stresses, ate 
transmitted the plate the rivet lines, such distribution would 
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first glance, contrary what should expected. possible 
partial explanation, was noted that all specimens marked transverse 
the cover-plate (concave outward) developed under bending 
action alone, somewhat analogous that commonly observed wide flanged 
This dishing inward was largely confined the region high 
flexural stress, and apparently resulted appreciable accentuation, locally, 
the longitudinal curvature the plate, which would reflected 
somewhat higher deformation the outside fibers along the center line 
the column, where the gauge readings were taken. 


TABLE Sets anp Maximum Loaps 


pro- Maximum load, pounds Permanent set, 
Bice 1 0.0900 140 000 0.0796 
Cr 3 0.2685 339 000 0.2055 
Meteeevesa 5 0.2556 271 000 0.1530 
Mastvewiss 6 0.2556 344 000 0.2360 
0.2556 295 500 0.1945 
0.2556 305 000 0.2314 


worthy note that this dishing action has one distinctly favorable 
effect the ultimate buckling strength the cover that, directing 
the buckling inwardly, reduces the wnsupported width the plate from the 
distance between the rivet lines value considerably less—probably almost 
the clear distance between the backs angles channels. will also 
observed that the bending the column whole has tendency 
direct the buckling the cover-plate inward. These facts are considerable 
significance for cases which local buckling likely the criterion 
ultimate strength. 

the general analysis the results buckling formulas for ratios 
thickness one-fortieth and one-fiftieth were presented. 


Reference Table shows the the specimens tested have 


varied from 48. The aforementioned results are quite applicable 
these cases and clearly indicate that buckling improbable such cover- 
plates stresses under the yield-point limit. The preceding discussion shows 
that stresses execess this limit are not realized under the most extreme 
conditions herein considered. connection with this point must noted 
that the general buckling formulas become invalid soon the stresses 
pass the limit proportionality, and furnish only roughly approximate 
values. For such cases the yield-point stress usually considered the buckling 
stress. with regard the latter point that the tests are significant. 
might reasoned that the wide thin cover unstable condition 
when the stress reaches the yield point (Point B’, Fig. 2(b)), and that local 
buckling this cover should cause collapse the entire section value 
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slightly greater than the yield-point stress the cover. However, 
cases except that Column No. despite the fact that deformation 
that corresponding the yield-point (Point B’, Fig. was 
realized, there was sign buckling until the average stress over the entire 
section reached the yield point, and unlimited distortion 


Column No. where the was (well below the limit permitted 


most specifications), incipient buckling action was noticeable shortly after 
the extreme fiber had passed the proportional limit. However, the develop- 
ment the buckle was slow that the column whole maintained its 
integrity until, cases other specimens, the average stress over the 
entire section attained value slightly above the yield point. 

believed that the reason for this action lies the previously 
cussed fact that the distortion corresponding entirely free plastic flow 
cannot take place the cover, until the average stress sufficient intensity 
cause the entire section behave plastically. reasoned, therefore, 
that soon the cover reaches the yield point, and plastic flow takes 
place, the member assumes the deflected form with greatly decreased 
sistance, the secondary stresses largely disappear, and the stress approaches 
uniform distribution across the section. Simultaneously, the distortion and 
direction impending buckle the cover-plate are controlled 
permit the necessary deformations without actual buckling, thereby giving 
approximately the full yield-point stress the ultimate load-carrying capacity 
the section. 

has been noted that indications buckling the thin cover-plate 
Column No. were observed earlier stage loading than for Columns 
Nos. and and that for identical section Column No. simple 
stiffening devices were provided. The effectiveness these stiffeners 
holding the thin cover-plate line the region high stress clearly 
demonstrated. comparison Test Column No. with Test 
Column No. (the columns being identical except the cover-plate stif- 
feners the latter) shows that the average unit stress causing marked 
incipient buckling Column No. Column No. showed sign such 
effects. While Test (Column No. showed lower final value than Test 
(Column No. 3), this was due the fact that the former was not loaded 
the point complete collapse. load 305000 axial stress, how- 
ever, the cover-plate was better condition than that Column No. 
the same load. 

The results the test indicated some serious defects the particular 
stiffening device used. The sudden change section the end the stiffener 
created marked local field stress concentration, the occurrence which 
was indicated the appearance strain lines load well under the 
proportional limit the column whole. clear that such 
stiffener used, should extended farther toward the end the 
its section should gradually tapered off avoid such marked change 
cross-sectional area the plate, since the present case the unit stress 
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the plate adjoining the stiffener was practically equal the maximum 
stress (stiffener and plate) the center the column. Further study and 
tests are required determine the most effective form stiffener, but the 
indications this test are that simple and inexpensive device this type 
could readily developed should appear desirable so. 


AND 


From the general analysis presented, the following significant features 
secondary stress action may summarized: 

stresses are limited and controlled certain deflection 
quantities (see Equation (3)). For any particular loading condition, these 
deflections are (for primary unit stresses within the elastic limit) approxi- 
mately proportional the axial distortions the truss members, considered 
pin-connected, and when, for given loading, these deflections have been 
attained, there further tendency for the stresses increase. 

long both axial and bending stresses remain within the elastic 
limit and the transverse deflection small, the behavior member under 
primary stress and secondary bending closely analogous similar mem- 
ber under axial loading. 

the maximum extreme fiber stresses pass the proportional limit, 
the member such type that the transverse deflection large, the preced- 
ing analogy ceases hold, since, the case secondary action, the 
deflection and not the moments are proportional the load. par- 
ticular, when the extreme fiber stresses reach the neighborhood the yield 
point, radical re-adjustment takes place, greatly relieving the flexural 
stresses. 

result the re-adjustment stress-strain relations, may 
inferred 

(a) That any tension member tends, the load increases, condition 
uniformity over the cross-section, except for local over-strain 
short section near each end. 

(b) Compression members bent single curvature may seriously af- 


fected regards the transverse deflections due secondary 


bending become large. This can only occur, however, the case large 
secondary moments and flexible members, combination that not ordinarily 
realizable. was noted previously (see heading “Compression Member Bent 


Single Curvature”) that for values 70, the effect secondary 


pin-ended column with normal “equivalent eccentricities” the ends. 
such case the rigid joint action which gives rise secondary stress acts 
brake the long column deflection before the point ultimate column 
strength reached. 
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(c) For column bent ‘double curvature, the secondary action, 
forcing the curvature into two “waves”, may actually have beneficial effest 


regards -failure. 


(d) For “stocky” columns which are ordinarily the only 


members that develop high secondary stresses, failure nearly always due 
local over-strain. Until the average stress approaches the yield point, 
the transverse deflection negligible, and column action the ordinary 
sense cannot occur. For such columns the secondary stresses, whether 
ing single double curvature (almost invariably the latter will 
the case for high secondary stresses) will merely result high stresses the 
compressive face, which are rapidly relieved flow the material 
the yield point approached. 


5.—It might expected that combination primary and secondary 
stresses beyond the proportional limit would adversely affect the stability 
against local buckling the wide, thin cover-plates commonly used the 
compression chords bridges. analysis the problem indicates, how- 


ever, that local buckling unlikely occur, plates having 


consistent with the requirements standard specifications, until the average 
stress over the column approaches the yield point the material, which, 
all compression members, marks the ultimate strength the member. 

The tests made primarily for the purpose exhibiting the behavior the 
box type compression member with respect local failure under primary 
stress and high percentage secondary stress, have been discussed rather 
fully the previous pages. The test results may summarized briefly, 
follows: 

6.—Re-distribution stress beyond the proportional limit was found 
take place manner closely agreeing with theoretical analysis. 

combinations producing nominal values extreme fiber stress 
great 55000 per in. (fp 35000 and 20000 per im), 
was found: (a) That while strain lines began appear the cover- 
plates the proportional limit was passed, indications local buckling 
appeared until the average stress over the section approached the yield point 


the material, for plates with and but, for plates 
with some evidence incipient local wrinkling was noticed 


load somewhat less than the ultimate capacity the column, although this 
had apparently appreciable effect that value. 

8.—When stiffeners were applied the cover-plates Column No. 
(see heading, “Cover-Plate Stiffeners”), the indications incipient buckling 
noted Column No. (Summary Item 7(b)) were entirely absent. 
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Although the general analysis the behavior bridge members under 
combined primary and secondary action resulting local stresses beyond 
the proportional limit believed apply without restriction, obviously 
impossible draw valid general conclusions from the test results four 
specimens. much more comprehensive program experimentation would 
have undertaken before final pronouncement could made. Subject 
these limitations, the following significant conclusions are indicated: 


(a) The ultimate practically utilizable strength tension member 
not affected any secondary stress action within reasonable practical limits. 


(b) Compression members sufficiently flexible develop -failure be- 


fore the yield point reached, will usually exhibit too low value for the 
secondary bending reduce the ultimate carrying capacity the member 
materially. 


(c) The rigid type built column, which alone high secondary stresses 
are expected, almost invariably fails local over-stress, usually 
point which local buckling can readily take place. High secondary stresses 
have effect hastening such local failure, and, therefore, have effect 
reducing the actual ultimate strength such compression members, pro- 
viding the section proportions are governed the limits present standard 
specifications. 


The results the investigation not justify the conclusion that secondary 
stresses are importance. The fundamental principle which has largely 
governed structural design (that fiber stresses should exceed the yield 
point the material), too firmly established and supported toc 
many sound reasons lightly ignored. Such principle, however, can- 
not applied blindly; the utmost importance for the designer 
know the consequence overstressing any part the structure. This may 
mean general failure, limited, localized failure not endangering the struc- 
ture whole, merely undesirable local distortion and permanent set. 
The practical significance this investigation lies the fact that indi- 
cates that overstressing due secondary bending falls the latter class. 
This vital importance fixing the unit stresses and otherwise deter- 
mining the margin safety for cases which high secondary stresses are 
involved. 

The investigation does not cover certain important by-products secondary 
bending as, for example, the effect riveted and welded connections 
alternating secondary moments. For certain types joints, this effect may 
quite important. Due this and perhaps other effects, and the general 
desirability avoiding large permanent set, highly desirable that the 
designer should know and where high secondary stresses occur struc- 
ture. Under certain conditions, may deem desirable modify the de- 
sign reduce such stresses provide for them specially the 
detail design. any case, matter great practical designing 
significance assured that unforeseen and unexpected overload, 
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producing combination primary and secondary stress nominally far above 
the yield point the material, will not endanger the safety the member 


long the average stress over the section maintained safely below the 
yield limit. 


All the experimental work was conducted the Experimental Engineering 
Laboratory the University Minnesota, aid funds jointly furnished 
the Graduate School, which Guy Stanton Ford Dean, and the Engi- 
Director. Acknowledgment also made the co-operation Robinson, 
Engineer the Minneapolis Plant the American Bridge Company, who 
furnished the test specimens cost. The grateful thanks the writers are 
also due Professors Hughes and Priester for valuable 
criticisms and suggestions, freely given throughout the progress the 
work; and others who rendered valuable assistance during the conduct 
the tests. 
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DISCUSSION 


years the analyses the problems concerning secondary stresses and inde- 
terminate stresses have been treated rather theoretical and academic 
manner. gratifying, therefore, read paper that discusses this problem 
secondary stresses from practical standpoint. 

One point not emphasized the authors the advantage knowing the 
effects secondary stresses determining the necessity for the replacement 
old truss spans. Many the old, riveted, railroad truss spans, for example, 
were fabricated with absolute disregard eccentricity connections. When 
the theoretical stresses are computed for the members such trusses the ex- 
treme fiber stresses are often found at, beyond, the yield point. 

addition secondary stresses and those caused seriously eccentric 
connections, some old truss carry the live load directly either the 
top the bottom chords. This causes extremely high combined stresses, 
some cases; and yet the members are apparently carrying these theoretically 
excessive loads without any dangerous over-stress. Thus, engineers acquainted 
with old riveted truss spans can verify from actual experience, the con- 
clusions advanced this paper. course, agreed that secondary 
stresses and similar stress effects cannot ignored indiscriminately. 

interest note the beneficial effect the stiffener bar that was 
welded the cover-plate Test Column No. This method stiffening 
could applied, readily and cheaply, compression members existing 
old truss spans. hoped that some further investigations and experimental 
research will made along these lines. 


paper that evaluates the effect secondary stresses upon the ultimate 
strength and thus furnishes considerable information regard the fixing 
rational unit stresses. 

The only disturbing element the exposition that the secondary stresses 
sometimes are ascribed the deflec- 
tion the truss (see under headings, 
“Synopsis”, and “Analysis Problem”), 
and sometimes the gussets. the 
first version were correct, one would 
conclude that there are bending 
moments the truss represented 
Fig. 22, which from single 
piece steel and which every joint 
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the authors investigate the effect secondary stresses upon the ultimate 
strengths truss members deserves sincere applause. For period more 
than half century the question the importance secondary stresses 
been widely argued without any successful effort reach even 
agreement. Practice ranges from the entire disregard all secondary 
their full inclusion standard working stresses. The designers few 
important structures have taken the intermediate path either attempting 
eliminate secondary stresses the introduction opposite erection 
stresses, taking the secondary stresses into consideration increased 
working stresses. 

There should disagreement with the authors’ premise that 
stresses should disregarded can shown that they not hasten 
ultimate failure the structure. However, there are many capable designers 
who will not agree with this statement because seems conflict with the 
conception factor safety based upon the elastic limit the 
After all, that certain the major point disagreement. The old 
factor safety based upon the ultimate strength has been 
shown fallacious and has been replaced factor safety (or better, 
factor ignorance) based upon the elastic limit. Now, suggested that 
the range plasticity that exists barely above the elastic limit should 
exploited reduce the effect the secondary stresses and add the ultimate 
theoretical the structure. 

The authors’ suggestion will immediately bring the subject proper 
working stresses. has been shown repeatedly that the maximum secondary 
stresses ordinary truss approach one-third the values the correspond- 
ing primary stresses. Hence, member designed 18000 per 
might actually stressed 24000 per in. The range from 24000 


per in. the minimum elastic limit (between 30000 and 000 per 


in.) has been considered sufficient cover fabrication stresses, erection 
stresses, exceptional overload unusual impact, and allowance for 
tion area corrosion. the authors are prepared suggest the entire 
neglect secondary stresses design, would seem that this would per- 
mit increase the basic working stress about per cent. Probably 
most readers will unwilling agree such increase being 
able although they may feel that the authors have established their 
Although the authors point out that the “best standards practice” 
quire that provision for secondary stresses shall made design, 
well known that the great majority designers have not had the necessary 
theoretical training compute the values the secondary stresses and, 
therefore, have depended upon the allowance the working stress. Only 
with the introduction the Cross method™ and the writer’s simplified 
has the designer had available simple, rapid, and understandable method 
secondary stress analysis. Based upon the assumption that the “best 
Structural Eng., Agri. and Mech. Coll. Texas, College Station, Tex. 


Loc. cit., Vol. pp. 610-669. 
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standards practice” will continue require the consideration secondary 
stresses design, there reason believe that “standard practice” will 
developed include the introduction secondary stresses into bridge 
design increased working stresses. the past, the question whether 
secondary stresses should introduced into design has been largely 
academic, because the lack convenient method secondary stress 
analysis. 

The entire argument the paper based upon the premise that secondary 
stresses increase direct proportion primary stresses until the yield point 
the material reached one face the member, after which increase 
primary stress not accompanied increase secondary stress. Two 
reasons are offered explain this phenomenon. The first (with which the 
writer agrees) that local plastic deformation will occur, which will redis- 
tribute the stress over the cross-section and maintain (temporarily) the ex- 
treme fiber stress the yield point. The second (with which the writer 
disagrees), made clear the following quotation reference Fig. 

“Since the angular rotations the ends member can increase 

more rapidly than the axial loads, will impossible even with high 
secondary stresses for the extreme fiber stress exceed the yield-point value 
without the distortion increasing far beyond any value reasonably ex- 
pected truss service.” 
The title this paper, however, indicates that the study relates ultimate 
strength, and the deflections, the angular rotations, and the proportional 
secondary stresses will several times large failure those pre- 
supposed the authors the foregoing quotation. 

Evidently, this entire matter needs clarified state- 
ment whether the structure designed for working conditions, 
for intermediate condition which stresses will remain the yield point 
during considerable increase load, for those conditions existing 
failure. the authors select the intermediate condition unqualifiedly, they 
will approach more nearly justification their hypothesis that secondary 
stresses are little importance design. However, they will then face the 
criticism that their structures designed with standard factor safety upon 
the yield point have far less reserve strength above the yield point than the 
designer has been accustomed expect. This follows because joint rotations 
and secondary deformations increase more rapidly than the loads soon 
the direct stresses exceed the elastic limit the material, and the authors 
have suggested provision for secondary stresses the design. 

Considerable emphasis given the fact that stresses above the yield 
point are not unusual elsewhere structural design. course they are 
not, although there still considerable group engineers who object 
plasticity basis for structural design. Nevertheless, when the authors 
declare that stress concentrations above the elastic limit probably exist around 
holes, they should not forget that their suggestion the entire neglect 
secondaries assumes that this severely deformed material around the rivet 
holes will able continue flow order reduce secondary stresses 
without developing incipient cracking. The reference increased allowable 
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bearing stresses pins and rivets must considered together with the 
obvious fact that the highly stressed material restrained against flow 
low stressed adjoining material. Professor Swain made this point clear 
that cannon ball cannot possibly fail under hydraulic 

important factor not considered the authors would seem the 
possibility reversal upon accumulative plastic deformation. 
can shown sufficiently important over-stress, alternately, the 
opposite sides member, such accumulative distortion might serious, 
Another obviously important consideration the 
produced live load impact and vibration. Since there would 
sibility reducing such stresses plastic flow, they could not placed 
the same category the secondary stresses caused dead load. Although 
difficult visualize impact producing deflection and joint rote- 
tion, there reason believe that the shock effect would increase both 
secondaries and primaries. fact, since the secondary stresses not sup- 
port the load, easy visualize the possibility that they might doubled 
the individual vibration the member which could act instantaneous 
application. 

summarizing, the writer would like express the opinion that this 
paper will great value opening the entire field secondary stresses 
and proper working stresses for discussion. However, cannot present 
agree that the paper justifies, entirely, its hypothesis that secondary 
should completely neglected. The probability high secondaries near 
the ultimate load, the danger over-dependence upon plastic deformation 
where other stress concentrations exist, the possibility cumulative 
deformation, and the impossibility any reduction secondary stresses 
caused rapid advance live load, impact and vibration, point the 
danger that might involved complete neglect secondary stresses. 
Probably all could agree, however, that, specifications are rewritten 
make obligatory introduce secondary stresses into the design, 
slightly increased basic working stress, further increased one-third 
allowance for secondary effects, permissible. 

This paper marks the authors pioneers pointing the great 
sibilities that lie the future for exploiting the advantages steel 
plastic material. 


Evans,” Assoc. Am. Soc. (by the subject 
secondary stresses has been popular with many writers, all papers prior 
this one have left the impression that the analogous eccentric-load relation 
existed for all increments load. 

For some time the writer has felt that some relief must accrue highly 
stressed parts structural members when large part that stress was 
due secondary moments. Actual structures substantiate 
Several years ago the writer was employed the design large, steel, 
rigid-frame structure. The girders were trusses with web members that had 
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secondary stresses great four times the primary stresses. Since these 
members were short and “stocky,” with indeterminate length (due 
large gusset-plates), was decided design the section for the full primary, 
and one-half the calculated secondary, stress with the elastic limit the 
working stress. After erection, the structure was encased concrete and 
has been daily service for several years with signs 

This paper will appreciated engineers who have given secondary 
stresses considerable thought, but hoped that the careless reader will 
not get the impression that such stresses will “take care themselves” and 
can ignored. 


Assoc. Am. Soc. (by letter)—The analysis 
presented this paper defines clearly the effect the relieving local 
deformations which have been said account, least part, 
for discrepancies (generally the side safety) between observed and com- 
puted stresses riveted trusses. The writer has long felt that the calculation 
secondary stresses any the usual methods involves too many rather 
arbitrary assumptions quantitatively accurate, and that the actual effect 
secondary stresses the members heavy riveted truss closely akin, 
the authors suggest, the many cases theoretically high localized 
stresses which are little practical significance. 

rather interesting analogy might drawn between the action 
riveted truss joint which secondary moments cause deformations beyond 
the yield point, and that multiple-pin joint. Where multiple-pin joint 
does not materially affect the static stability the framework (at the inter- 
mediate support panel points continuous cantilever truss, for instance) 
can used advantageously; permits the connected members rotate 
about their respective pins without incurring any flexural deformations 
except those due pin friction. such case the stresses remain essen- 
tially axial. After the extreme fiber stresses the connected members pass 
the yield point the material, secondary stress action under rigid joint 
conditions will tend toward the same effect, except, the authors indicate, 
the case slender compression members bent single curvature. The 
points yielding might considered approaching pin-end conditions, 
about which the members involved “rock” final state static equilibrium. 

The foregoing analogy will not apply beyond the first application load 
because strain hardening, but suggested convenient method 
visualizing the action truss which flexural overstress occurs due 
secondary bending. (As matter convenience the writer will use the term, 
“overstress,” mean stress beyond the elastic range.) many cases, 
incidentally, the first loading stage that final and most important; 
heavy building trusses, perhaps the worst offenders the matter high 
secondary stresses, are essentially dead load structures, and after the first 
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application full load has imparted them certain deformed 
will hold that condition under the subsequent steady loads which they arg 
subjected. The truss outlined Fig. (a) can assume the position shown 
Fig. (b), which deformations have been idealized and exaggerated 


(0) 
23. 


for the sake clearness; and, under the small deformations which actually 
can hold that position without harm. may noted, also, that 
the inherent instability multiple-pin joint does not appear over- 
stressed rigid joint because the fact that the overstressed members can 
always offer flexural resistances (until, course, failure imminent) even 
after the extreme fiber stresses have passed the. yield point. 

might suggested that small bridges, especially railway bridges, 
which are essentially “live load structures,” fatigue might play fairly 
important part causing failure the combined effect dead load, live 
load, and impact stresses runs high the yield point the 
Current practice properly tends neglect fatigue serious consideration 
discussing the utilizable strength such structures. the 
the number full-load applications which the ordinary bridge receives 
during its normal life span small preclude the necessity for con- 
sidering fatigue either design review. Assume, for the sake argu- 
ment, however, that this not the case. All the evidence with which the 
writer familiar the present time seems indicate that for most ferrous 
metals the endurance limit for stress ranging from zero maximum 
value one sign only well above the yield point the material. 
The Goodman value 1.5 times the endurance limit for reversed 
stress, which endurance limit, for the ferrous metals, seems approach 
value equal one-half the ultimate strength.” (In general, for 
the types steels commonly used bridges the endurance limits for com- 
pletely reversed stress appear somewhat less than the yield points, but 
not enough less than the usual specified minimum invalidate 
the comments which follow.) For the ordinary commonly used 
short-span and medium-span bridges the yield point also, roughly, equal 
one-half the ultimate strength. the authors have indicated, stresses 
bridge members, even with low length-depth ratios, will scarcely exceed the 
yield point, which means that such stresses can never reach the endurance 
limit for zero. Furthermore, bridge members which are 
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short enough under high secondary moments will almost always 
under some dead load stress, which case the stress range decreases and 
the endurance limit increases. exception might the case compara- 
tively heavy web members the center panel panels shallow deck 
truss. these members, stress reversals due secondary bending are quite 
likely occur, and reversed primary stresses actually occur. 
would rare case indeed which the resultant primary and secondary 
stresses such members well-designed structure, would approach any- 
thing like the yield peint the endurance limit the material. The writer 
simply introduces the subject fatigue, and the foregoing discussion, 
further substantiating the authors’ conclusions that, well-designed struc- 
tures, overstressing due secondary bending generally means either 
localized failure not endangering the structure whole, merely 
undesirable local distortion and permanent set.” 

The writer does not mean imply that consideration secondary stresses 
should omitted entirely from the design process, conditions under 
which stresses reach the yield point the material can considered 
other than most undesirable and avoided all practicable. far 
the members themselves are concerned, however, the writer concurs with 
the authors their conclusion that the presence secondary bending 
stresses even high the yield point are not necessarily damaging; nor 
are they considered rendering the structure unsafe poorly designed. 

brief discussion the effects secondary bending the joints 
structure seems pertinent, especially considering secondary stresses due 
live load. The presence secondary moments truss joint means that the 
connection between member and gusset-plate ceases direct tension 
compression joint, but must resist flexure well. Since the intensity 
this flexure varies considerably, the average structure, between the dead 
load and full live load plus impact conditions, there may considerable 
danger loosening the rivets and generally overstressing the entire group, 
riveted joint, causing progressive fracture weld. 

Consider tension member made two 15-in. 55-lb. channels laced 
battened together, each channel being riveted the gusset-plate means 
thirty j-in. rivets, Fig. 24. Assume that the full dead load, live 
load, and impact stress 
the member 16000 
per in. net section, 
and that the minimum live 
load stress zero. (The 
writer has made this as- 
sumption partly for the 
Two 15-in Channels @ 55 Ib sake of simplicity and 

partly because the fact 
that under most current 


14" specifications members and 
24. connections which are sub- 
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reversals primary stress are quite conservatively designed. 
more, such members are relatively slender and not likely 
subjected high secondary stresses. Reversals secondary bending may 
heighten the effects noted herein, but the writer has made attempt 
make the examples which follow especially severe, except far 
secondary bending causes yield-point stresses.) 

Basing the allowance for rivet holes the 1923 specifications the 
American Railway Engineering Association, this gives total primary 
due dead load, live load, and impact 431000 The total primary 


stress per rivet then 431 000 


7180 The. gross area the 


ber 32.22 in., giving primary stress 13400 per in. the 
gross section. The section modulus the member, based gross section, 
114.4 Assuming yield point 32000 per in., the secondary 
bending moment required produce yielding the extreme fiber will 
13400) 114.4 2130000 in.-lb. The moment inertia the 
rivet group 3160 and the distance from the centroid 
the group the extreme rivet 10.6 in. Then the total stress the 
extreme rivet due the secondary moment which will produce yielding 


the member 7130 lb. Combining this with the 
primary stress 7180 and neglecting the probably small transverse shear 
which caused reversed bending unequal end moments, gives resul- 
tant total stress 10900 the extreme rivet, 18100 per in. 
single shear. This approximately the shearing yield strength the rivet. 
25% the total stress due dead load, the stress two the 
extreme rivets the group will vary from 4500 per in. 
per in. the rivet has slipped the first full-load application (as 
probably has), would appear that relatively small number live load 
applications would suffice loosen beyond any useful resistance, and thus 
produce progressive failure the joint—especially when the highly non- 
uniform distribution primary stress among the rivets comprising the group 
considered. 

Here again, however, the nature secondary stress action must 
remembered. essentially due, the authors state, angular displace- 
ments the ends the member. These angular displacements are small, 
and when the rivets themselves slip, the joint longer rigid. Slight 
rotation the member permitted, which has the effect reducing 
secondary bending and the rivet stresses caused it. The extreme rivets 
will slip low stresses, once the effect friction broken down, producing 
once more uniform distribntion primary stresses throughout the group 
and reduction secondary bending. the connected member has been 
deformed the yield point, but not through beyond (say, point 
slightly the right Point Fig. 2(a)), the effect the rivets may not 
damaging, although the sharp rotation occurring the overstressed 
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tion will introduce some eccentricity primary stress. has not been 
stressed, slip will not reduce the loosening effect rotation and counter- 
rotation the joint. Field and laboratory investigation the effect 
variable bending groups rivets shear would value connection 
with the subject secondary ‘stress effects. 

Rivet slip may play appreciable part reducing secondary bending, 
which accounts some extent for discrepancies between observed and 
lated stresses. The relieving effect rivet slip not found welded 
joints, although has counterpart the plastic flow which occurs the 
ends such joints even under low loads. Due the fact that welds are 
usually located along the edges the member, the moment resistance 
welded joint will relatively higher than web-riveted joint, the 
usual design assumption uniform stress distribution through the length 
the joint. Even so, however, the stresses welded joint which the 
connected members are stressed the yield point secondary bending, 
will high. 

The damaging effect high secondary stresses will likely most severe 
the joints the ends non-continuous members, such the web mem- 
bers, end posts, and end-panel chords the ordinary types bridge and 
building trusses, and splices chord members, where such splices are 
near the panel points. This will especially true for members which 
the ratio dead load stress total dead load plus live load plus impact 
stress low negative. Severe joint stresses are not likely occur 
panel points which the chord continuous, except the web-member 


25. 


chord continuous only must resisted the rivets between 
the chord and the gusset-plates. These rivets are usually considerably 
excess those required for primary stress transmission, and, due the 
length the joint, the group has high moment resistance against 
torsional loads. 

Another point which may worth mentioning the possible effect 
high joint moments causing severe stresses the gusset-plates. the 
stresses gusset-plate due joint moments are opposite sign those 
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due primary stresses the members the net effect will relief 
lowering the gusset-plate stresses. Such would the case for the 
Fig. 25(b), under the stresses and moments there shown. If, 
the primary stresses act shown Fig. 25(c), the secondary stresses add 
directly the primary stresses the gusset-plate. the result tensile 
stress rolled edge the plate equal the yield point the material 
serious damage will result, either statically from fatigue. sheared 
edge there may some danger progression incipient crack. the 
resulting stress the edge the plate compressive and the yield 
point the material, buckling may occur unless the unsupported edge 
the plate very short unless stiffened angles diaphragm con- 
necting the usual pair plates each other. the case fairly large 
plates under compressive stress along long unsupported edge, diaphragms 
stiffener angles provide easy and effective means insuring, 
certain extent, against failure the plate buckling. any design where 
high secondary stresses are likely occur gusset-plates stresses should receive 
some consideration. 


Grover,” Assoc. Am. Soc. (by practical 
application the results secondary stress analysis the design bridge 
members discussed this paper. This subject most timely view 
the recent tendency toward the use more comprehensive design methods 
order effect the most favorable distribution material. 

The increased demand for comparatively shallow deck truss construction 
resulting from higher standards grade and alignment for both highway 
and railway structures, together with the trend away from movable spans 
the use fixed spans which require shallow deck construction many cases, 
results types design which the effect secondary stresses quite 
appreciable. 

With the rapidly increasing use structural welding, advantage 
being taken the better economy and reliability thus for making 
rigid joints which behavior can predicted with more certainty. The 
effect large gusset-plates upon the stiffness and stress distribution 
members feature that can not evaluated closely. These large gusset- 
plates are either reduced size eliminated entirely properly designed 
welded connections, thereby reducing some the annoying uncertainties that 
exist with riveted construction. Such developments challenge the designer 
keep pace devoting more attention such refinements statically 
indeterminate stress analysis and the investigation secondary stresses, and 
they also make possible for the interpretation such analysis evalu- 
ated more accurately and, therefore, better justified. 

Certain other problems the structural engineer, such residual stresses 
caused either rolling steel shapes welding, are inherently self-limit- 
ing and these stresses will better understood result the studies 
described this paper. One the ways which welding will 
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have influence upon behavior under secondary stress that welded cover- 
plates will virtually fixed along their edges. This will contribute further 
toward minimizing the tendency for relatively thin plates fail locally 
buckling. Several limitations the study have been acknowledged the 
authors and these might extended include number others that 
would indicate the need for further and broader this field. 

Further experiments should made determine the effect heavy 
gusset-plates and the stress concentrations that they cause the ends 
members double curvature, where the secondary stresses are most serious. 
Studies might well made demonstrate the effect elaborate provisions 
which have been made during the construction some the larger bridges 
for the purpose relieving secondary stresses. 

Another condition that would worthy investigation that 
severe strain accompanied plastic flow, with intermittent strains 
lesser magnitude and frequency that approaches that which recog- 
nized dangerous from the standpoint “fatigue” failure. quite 
possible obtain sufficient number repeated alternating stresses 
cause apprehension this regard, the life and service modern bridge 

The authors have mentioned the possibility unfavorable effect upon 
riveted welded joints due repeated alternating stresses, but should 
emphasized that the effect such stresses might very severe upon the 
members themselves, especially those connected with heavy gusset-plates 
and bent into double curvature result secondary stresses; and like- 
wise the effect suddenly applied loads causing combined stresses seri- 
ous magnitude before the metal has had time creep and permit the adjust- 
ment the stresses over the section plastic flow. These remarks are 
especially pertinent the case smaller, lighter bridges. 

should also stressed that the authors’ “Summary and Conclusions” 
pertain exclusively structures for which occasional severe overload 
may anticipated. They pertain the stresses that would caused 
such occasional load might expected the case highway struc- 
ture. Perhaps the results the studies and experiments are less pertinent 
the case railroad bridges where the loads are subject more careful 
control and are least daily occurrence. 

explanation given the reason for the inward “dishing” 
cover-plates result local buckling, except the general tendency the 
bending compression member whole. might considered ques- 
tionable whether this tendency decided enough justify relying upon it, 
especially other influences such rust due neglect maintenance, 
tend cause outward “dishing.” 


secondary stresses the yield point steel truss has considerable economic 
importance. The authors state that the ultimate strength steel truss 


Associate Designing Engr., Div. Highways, State Dept. Public 
Sacramento, 


and 

joint 

ever, 

add 

the 

yield 

con- 

large 

vhere 

ceive 

valu- 

imit- 

udies 


338 PARCEL AND MURER SECONDARY STRESSES 


not affected the secondary stresses the yield point. This true 
respect truss which the number members, and number joints, 
satisfy the 


less than the fiber stresses the yield point the 
joints will permit excessive displacements and evidently will influence 
the ultimate strength the truss. This may occur Vierendeel truss 
which the secondary stresses the yield point will affect the ultimate 
strength the truss. 

greater than the secondary fiber stresses joints 
well the axial stresses some members steel truss, may reach 
the yield point without materially affecting the ultimate strength the 
truss. 

The secondary stresses the yield point may also influence the distribu- 
tion the axial stresses the truss members when the stiffness the members 
the eccentricity the joints considered computing the axial 
method computing axial stresses, taking the stiffness the members 
into consideration, has been presented Charles Ellis, Am. 

The authors are congratulated for their valuable contribution the 
theory and practice diagnosing the stresses the yield point. 


Joun Am. Soc. E., Murer,” Jun. Am. 
Soc. (by discussions submitted have raised number 
additional points interest not mentioned the paper most touched 
upon very lightly, and they have also called attention certain apparent 
statement. The writers are much gratified that, for the most 
part, the discussers appear agree with the main conclusions the paper. 

Mr. Sandberg makes very good point with reference the importance 
knowing the effect high secondaries upon the ultimate strength mem- 
bers the case determining the strength old structures still service, 
where proper use much lower margin safety than would the 
for new structure. mentions the common occurrence eccentric 
connections such structures. important note that secondary stresses 
arising from this cause are character quite different from those con- 
templated the paper, will further noted the consideration 
Mr. Eremin’s discussion. 

The point Mr. Gedo’s criticism not quite clear. notes 
“disturbing element” that secondary stresses “sometimes are ascribed the 
deflection the truss and sometimes the gussets”. This certainly 
was not the writers’ intention. Secondary stresses herein considered, 


Engineering”, George Fillmore Swain, Past-President, and Hon. 
Am. Soc. 81. 

Equations for Statically Indeterminate Structures Combination with 
Moment Equations in Terms of Angular Displacement.” by Charles A. Ellis. M. Am. 
Soc. E., Transactions, Am. Soc. E., Vol. 100 (1935), 580. 
Cons. Engr. (Sverdrup Parcel), St. Louis, Mo. 
Wayland, Mo. 
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course, arise from combination the deflection the structure and the 
stiffness the joints stated the first paragraph under the heading, 
“Analysis Problem”. The frame-work shown Mr. Gedo Fig. 22, the 
supports are assumed rigid, would exhibit neither primary nor secondary 
stresses. 

The first three paragraphs Professor Grinter’s very able discussion con- 
tain particularly clear and forceful statement the salient points involved 
estimating the importance secondary stress upon ultimate strength. 
Professor Grinter disagrees with the statement the paper that the joint 
rotations upon which the secondary stresses are conditioned increase direct 
proportion the load. regards this inconsistent with the title the 
paper, which would indicate that the conditions considered are those 
when the structure stressed its ultimate limit, which case 
states that the displacements would several times great those 
computed the basis elastic behavior. 

believed that this criticism rests upon misconception. definitely 
stated the paper that the effective ultimate strength tension member 
marked the yield point the material, and that ordinarily com- 
pression member will fail point slightly above (and, occasion, 
point slightly below) this stress. The most important conclusion the 
paper that secondary stresses, even when they result local stress com- 
binations nominally excess the yield limit, not apparently hasten the 
development average stress over the entire section equal the yield- 
point stress. long the average axial stress remains within the elastic 
limit, the joint rotations cannot increase faster than the loads, since they 
are direct functions the changes length the truss members, and the 
latter, long Hooke’s law prevails, are directly proportional the loads. 
was not the writers’ intention consider the distortions arising after the 
average primary unit stresses had reached the yield point. 

Professor Grinter apparently feels that one should not place too much 
dependence upon the analogy between local over-stress due secondary bend- 
ing and that due number other causes mentioned the paper. With 
this opinion the writers are entire agreement should clear from the 
statement made next the final paragraph the paper. The point 
made was merely that standard practice present permits certain violations 
the general rule that all stresses should kept within the yield-point limit, 
and that the mere fact that secondary stresses exceed this limit does not, 
without further consideration, establish them dangerous. 

The suggestion that due consideration should given the fact that 
high secondary bending places added strain the material around rivet 
holes, which already strained considerably beyond the surrounding material, 
worthy special consideration. The importance this effect considered 
some detail Professor Fahy’s discussion. Undoubtedly, further experi- 
mental work upon the entire problem the detailed behavior riveted and 
welded joints subjected combination high primary and secondary 
stresses much desired. 
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Professor Grinter raises several interesting questions regarding reversal 
stress, repetitive stresses, and impact, although the writers are inclined 
feel that this interest largely academic. regards reversal and repeated 
stress, the following should noted: 


(1) any ordinary bridge truss, the only members which marked 
reversal both primary and secondary stresses takes place are the compara- 
tively slender flexible web members near the center (of simple truss) for 
which the secondary stresses are very small. 

(2) Relatively stocky members which normally exhibit high secondary 
stresses—chords, end posts, short web members end panels—ordinarily 
not reverse either primary secondary stress truss with simple webbing 
such commonly used for bridge trusses spans about 
For longer spans, which sub-paneling used, some this group mem- 
bers may show very large reversal™ live load secondary bending (although 
not, course, primary stress) when the secondaries are computed the 
conventional manner. When more accurate analysis made, taking into 
account the induced distortions,” the secondary moments are found 
greatly reduced, and, when dead load effect considered, they will almost 
never sufficient reverse the total extreme fiber stress appreciably. 

(3) Structural steel with yield-point value 35000 per in., may 
expected show safe “endurance range” from, say, 20000 per 
in. per in.; or, when reversal takes place, from 
45000 per in. believed that the present study shows conclu- 
sively that case can extreme fiber stress developed exceed the 
yield-point value (35000 per in. this case) until the primary stress 
approaches this limit; that is, until failure impending, regardless secon- 
dary bending. also believed that only “freak” truss will ever show 
reversal total extreme fiber stress ranging from 20000 per in. 
35000 per in. The extraordinary case where such action may take 
place, course, will require special treatment. 


Professor Grinter argues that impact stresses must treated separately, 
since they may practically instantaneous character, allowing time 
for relief develop through plastic flow. This very important point and 
requires some further development the conception “relief”. 

designer working specifications requiring minimum yield point 
of, say, 000 per in., and finds that certain compression mem- 
ber, for example, the computed maximum primary unit stress 20000 per 
in. and the corresponding secondary stress the extreme fiber 000 
per in., will naturally infer that his material the face the member 
stressed per in. beyond the yield point and, therefore, danger 
collapse due local buckling. principal conclusion the paper was 
that, due relief from plastic action, stress greater than 000 per in. 
such case cannot possibly develop under any degree secondary bending 
practically realizable. Remembering that secondary stress action dis- 
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tortions and not stresses that are fixed, pertinent ask: What will 
the effect the material given deformation imposed member 
rapidly that the material has time flow? may presumed that 
this case much higher stress will develop, but since strain and not stress 
which, repeatedly applied, tends break down the material, not 
clear that, long the strain the same, whether imposed instantaneously 
gradually, there any serious effect from the added stress required the 
former case. far known there are experimental data bearing 
directly this point. 

Professor Grinter states that “it difficult visualize impact producing 
deflection and joint rotation”. would appear that since such displacements 
are the direct the axial deformations truss members, previously 
noted, they should clear and definite distortions arising from other 
sources. Any calculation secondary stresses should always include impact 
effects well those due static live load, and recent researches appear 
indicate that the allowance for impact required standard railroad bridge 
specifications probably considerably greater than ever actually realized. 

Professor Grinter refers “the authors’ suggestion the entire neglect 
secondaries”. such suggestion was made; the contrary, the writers 
specifically state “the results the investigation not justify the conclusion 
that secondary stresses are importance”. The exceptional cases cited 
Professor Grinter possibilities are among the reasons for this conclusion. 

states further that “in the past the question whether secondary 

stresses should introduced into design has been largely academic, because 
the lack convenient method secondary stress analysis” and that, 
“only with the introduction the Cross method and the writer’s simplified 
method has the designer had available simple, rapid and understand- 
able method secondary stress analysis”. With this statement, the writers 
are complete disagreement. They have the greatest respect for the brilliant 
method analysis introduced Professor Cross and extended Professor 
Grinter, and they recognize, course, that there always wide difference 
opinion among individuals the convenience and effectiveness differ- 
ent analytical methods. far secondary stress computation concerned, 
however, extended experience has convinced them that the slope-deflection 
method, when the equations are solved the method successive substitu- 
tions, more rapid and convenient method than moment distribution. This 
method solving slope-deflection equations has been use for least 
quarter century. 

Mr. Evans agrees with the main conclusions the paper and notes that 
has for some time held similar views. this connection the writers would 
like emphasize the statement made the paper that the idea large 
stress relief the case high nominal secondaries means new and 
has been proposed number authorities here and abroad during the 
past twenty years. 

Mr. Evans cites most interesting case arising his practice number 
years ago which design solution was evolved, which embodied essen- 
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tially the conclusions this paper, and the subsequent results which afford 
confirmation the soundness the design. 

The writers consider Professor Fahy’s discussion most important contri- 
bution the subject. thorough and clearly stated offer little 
room for comment. They have found his detailed study rivet 
and comments thereon especially illuminating. regards the last point 
made his discussion—the effect upon gusset-plates combination 
high secondary and primary stresses—they feel that some further experi- 
mental investigation needed before any final conclusions can drawn. 
Until such information available, they are inclined agree with him that 
all doubtful cases the edges gusset-plates should reinforced. 

Mr. Grover raises number interesting questions, particularly 
regards the effect secondaries riveted and welded connections, some 
which are partly answered Professor Fahy’s discussion. His questions 
the subject fatigue have been answered the comment Professor 
Grinter’s discussion. refers particularly the stress concentration aris- 
ing the edge gusset-plates point which should receive special con- 
sideration further investigations. the writers understand correctly what 
has mind, they are inclined feel that there essential difference 
the stresses which refers and any other secondary stress equal 
intensity occurring the body member. 

The inward dishing the cover-plate which Mr. Grover refers was not 
offered phenomenon which could depended upon invariably, but rather 
one that served explain part certain experimental data obtained. 
course, serious rusting injury causing marked incipient outward dish 
the member would tend offset the apparent tendency the 
plate bend inward. 

Mr. Eremin raises two important points which perhaps should have been 
emphasized more the paper. true that the term, “secondary stress”, 
has been used rather loosely the literature structural engineering and 
sometimes thought any bending stress developing the ends 
member framework with rigid joints. This, course, not the type 
stress with which the present investigation deals. noted the “Intro- 
duction” that secondary stresses are not required maintain the equilibrium 
the structure, which clearly excludes such types the Vierendeel truss; 
such structures are unstable without the resistance offered the rigid joints. 
Under the heading, “Analysis Problem”, stated that, 


“Even when the secondary unit stress high percentage the primary, 
the secondary moments offer appreciable assistance carrying the loads, 
and the members are always designed the basis full hinge action 


the ends.” 

Perhaps this statement too sweeping generalization, although the 
writers know case which bridge building truss (using the term, 
inelude the secondary bending the load-carrying capacity the truss. 
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structure were designed the bending moments the members would 
become primary effects and such are outside the scope the present 
treatment. 

For the most part, the same remarks apply so-called secondary stresses 
arising from joint eccentricity. Such stresses are necessary maintain 
the stability the structure; general, they will increase substantially 
proportion the primary stresses and, since certain definite applied 
moment balanced, will result from local stressing beyond 
the yield point. 
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THE SPRINGWELLS FILTRATION PLANT, 


DETROIT, MICHIGAN 


Synopsis 


The design and construction filtration plant and filtered water reser- 
voir Springwells Station described this paper. These units form 
part the additional works constructed during 1929-1932 for the Board 
Water Supply the Metropolitan Area Detroit, Mich. The filtration plant 
the rapid sand, gravity type, having ultimate capacity 300 000000 
gal daily. The reservoir two sections each which has capacity 
000 000 gal, with provision for third section added later. The gen- 
eral basis design, the data pertaining the various parts the plant, the 
hydraulics plant flow, the construction program, and the tabulation both 
construction costs and engineering costs are outlined herein. 

The water supply for the City Detroit the largest completely 
filtered rapid sand filtration, and includes the two largest rapid sand 
tion plants the world—the Water-Works Park Filtration Plant, 
maximum daily capacity 360000000 gal, and the Springwells Filtration 
Plant, having maximum daily capacity gal (capacities based 
filtration rate 180 000 000 gal daily per acre). 


The City Detroit has taken its water supply from the Detroit River for 
more than 100 years. Although privately owned and operated for the first 
eight years their existence, the water system and supply works have been 
owned the municipality since 1836. Since that time, from small city 
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6900 inhabitants, the district served has increased population more than 
9000000 and area more than 100 miles, extending about miles 
along the river and about miles inland from the river. Improvements for 
increasing the quantity the supply, and its distribution, were the main con- 
siderations, except the location intakes, until, 1912, when purification 
the supply was first considered and permanent provision was made for 
chlorination. The quality the water the Detroit River the intake 
built 1905 1905 Intake) has been comparatively good, but with 
increasing pollution and the growing consciousness the consumers the 
and need improvement the quality the water, the desire for 
purer and more palatable supply increased until, 1917, experimental 
plant with capacity 200000 gal per day was constructed and 
operated for more than year, establishing the feasibility filtering and de- 
veloping popular approval dispensing filtered water those who came for 
it. One year operation (from October 1917, September 30, 1918) was 
used the basis report the late Winthrop Pratt, Am. E., 
dated March 1919, outlining the general design filtration plant, treat 
the entire then existing supply. 1921, contracts were let for filtration 
works Water-Works Park Station (see Fig. and the filtration plant was 
completed and put service December 22, 1923. 

While improved the quality the water greatly, the filtration plant 
Water-Works Park did not add the quantity. Due the rapid increase 
size the city both population and area, was evident that far- 
sighted and comprehensive plan additional supply for the Detroit Metro- 
politan Area was necessary immediately. Accordingly, Commission Con- 
sulting Engineers, composed Messrs. George Fenkell, Hoad, 
Clarence Hubbell, Theodore Leisen, and the late Gardner Williams, 
Members, Am. Soc. E., was appointed, and reported jointly January 
1924. This Commission recommended extensive program, involving the 
construction additional supply works, beginning immediately with (a) 
the building new intake the river; (b) raw-water tunnel from intakes 
the west side the city; (c) complete new supply station the site 
selected the west side; (d) additional distribution mains; and (e) future 
construction third complete supply station site selected the 
northeastern part the city. Item (c) included recommendations for low- 
lift pumping plant, filtration plant, filtered water reservoir, and distribu- 
tion pumping plant. 


The new system provides for the distribution additional water the 
Metropolitan Area Detroit from three separate stations, each having filtra- 
tion plant and the necessary pumping plants (see Fig. 1): (1) The old Water- 
Works Park Station East Jefferson Avenue; (2) the Springwells Station 
West Warren Avenue; and (3) future Northeast Station (see Fig. 1). 
The water taken from new, lagoon type, intake built the Detroit River 
just northeast the up-stream end Belle Isle and not far from the 1905 
Intake crib, which will remain service auxiliary intake, and will 
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carried through system gravity tunnels the old station and across the 
city the new stations. The intake, the Springwells Station, and the raw- 
water tunnel connections Water-Works Park Station and Springwells Sta- 
tion are part the present project. Northeast Station and the branch tunnel 

The water Springwells Station flows from the intake through 568 
concrete-lined tunnel, 15.5 diameter, built rock under the river, 
riser well and screen chamber the shore Water-Works Park; thence 
through 633 concrete tunnel, 14.0 diameter, clay, north the 
intersection Pennsylvania and Forest Avenues; thence west through 705 
concrete tunnel, 12.0 diameter, clay, the Springwells Station 
site, where turns and enters the suction well the raw-water (low-lift) 
pumping plant. 

this point the pumps elevate the raw water into the mixing chamber 
the filtration plant through two 8-ft (or equivalent section) concrete 
conduits running behind the pumping plant and under the generator plant 
floor. The flow through the filtration plant shown Fig. (The super- 
structures the plant are not shown.) Just before entering the mixing 
chamber the water metered through Venturi tubes cast the concrete con- 
duits. Coagulants chlorine may applied the raw water the entrance 
the low-lift plant, the entrance exit the raw-water meters, 
the entrance the mixing chamber. Thorough and rapid dispersion the 
chemicals through the water accomplished the turbulence the pumps, 
meters, entrance gates, the case may be. the mixing chamber the 
water stirred mechanical agitators and brick 

The mixing chamber discharges into conduit running the full width 
the four settling basins, from which conduit the water may rise two 
junction and gate wells which admit the water into the distributing channels 
each basin. Entrance the basins through vertical slots spaced give 
uniform distribution. After passing through these basins settling velocities 
the clarified water decanted from the surface weirs, and flows into the 
filter building two points through main conduits. the filter operating 
galleries these conduits branch into the filter influent mains from which the 

inlets are connected the sixty-eight rapid sand-filter units. The water 
flows the filter sand beds from the inlets and passes through in. 
sand and in. gravel the perforated-pipe grid collector system below. 

The filtered water that collected discharged through automatic rate-of- 
flow controllers into the main filtered-water conduits each the two pipe 
galleries between the four rows filters. The two filtered-water conduits dis- 
charge into weir chamber their eastern ends where the water level 
controlled maintain submergence the filter-effluent piping well the 
high suction level the distribution pumps when operated according 
the shunt system, described subsequently. From the weir chamber the water 
may flow either directly the pumping plant into the filtered-water reser- 
voir, flow conditions demand. 

Circulation the filtered-water reservoir induced center 
each section and inlets and outlets controlled flap check-gates. Water 
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drawn from the reservoir through conduits entering the opposite end 
the pumping plant that connected directly the weir chamber. The dis- 
tribution pumps discharge through steel mains connected each two 
service districts high-pressure area and intermediate pressure area, see 
Fig. 1), which are served jointly the Water-Works Park Station and the 
Springwells Station. The detailed description which follows covers only 
the design and construction the filtration plant and reservoir Springwells 
Station. 


Experimental Filter the summer 1925 experimental filter 
plant with capacity 150000 gal per day was designed and built for the 
express purpose studying the phenomena mixing and settling. This 
plant was composed rectangular wooden tanks supported concrete mat 
foundation and enclosed light frame structure. The plant was arranged 
that reasonable range times and velocities mixing and wide range 
times and velocities coagulation basins could easily obtainable 
making slight alterations. Two identical filter units were provided for use 
measure results. 

After about six months’ operation parallel with the large filter plant, the 
experimental plant was placed charge Mr. Roberts Hulbert and Frank 
Herring, Assoc. Am. Soc. E., who began the program settling- 
basin studies and obtained some very good results; but certain peculiarities 
these results led intensive search determine the reason for incon- 
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sistencies. Finally, the trouble was discovered the fact that the two filter 
units used measure the results were not washed uniformly. Having 
become absorbed the development better methods washing filters, the 
remainder the time available for the experimental filter plant operation 
spent this subject and technique was developed washing them 
tain definite sand expansion, instead the usual constant rates wash- 
water flow.” 

Scale Model Tests Settling Basin with the opera- 
tion the experimental filter plant, investigations flow settling basing 
were made the use scale model replica the basin proposed 
used the Springwells Plant. This model (see Fig. was the 
determining the detail inlet and outlet construction required give 
uniform distribution flow across the full width the basin and the longest 
actual retention period, determined floats, dyes, and salt solutions, 
Potassium permanganate dye was most satisfactory determining the con- 
dition and distribution flow observing the advancing cloud colored 
water. The time element was denoted plotting the front edge the color 
cloud the end each minute after the application the color until 
flowed out the outlet. This plotting gave record each run, such the 
typical form shown Fig. 

The outlet conditions were early found have little effect the flow dis- 
tribution. Therefore, attention was concentrated the inlet detail. From 
the test results the model, vertically slotted wall inlet was adopted, with 
training walls between pairs slots, The arrangement the entrance 
shown Fig. with seventeen slots the size and spacing indicated. 
the entrance chamber the openings are beveled the down-stream side (see 
Fig. 4(b) and Fig. 4(c)). Guide-vanes were galvanized iron. The basins 
have “straight-through” flow. 

Filter Under-Drain Lateral Experiments.—To determine how uniform the 
distribution wash-water flow would from tentatively adopted design 
filter under-drain lateral and develop low-cost brass, bronze, bushing 
for the perforations the under-drain laterals, testing apparatus was built. 
adequate for one typical full-sized lateral, almost identical dimensions with 
those that would into the actual filters. Several types pipe materials 
this apparatus, were tested, well types perforations and bushings. 
Incidental this test, series submerged orifices was calibrated and dis- 
charge coefficients were obtained. 

Analytical Investigations and Studies—Analytical studies were made 
the economic size filter units, economic filtering head, the design 
the wash-water supply system (with particular regard the relationship 
the size wash-water tanks and wash-water pumps supplying those 
tanks), and the costs types filter bottoms, wash-water trough materials, 
and chlorine-handling equipment. 

General Basis Design—The ultimate capacity Springwells Station 
was determined detailed study the distribution system and the proper 


the Washing Rapid Filters,” Hulbert and Herring, 
Journal, Am. Water Works Assoc., Vol. 21, November, 1929, 1445. 
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division load among the three plants designated the consultant’s report 
report and the results experimental work and preliminary 
studies, together with previous experience, led adoption values given 
Table the basis design for the Springwells Filtration Plant. The 
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design required, furthermore, that coagulants should applied the initial 
mix the pumps the meters and that the mixing mechanical agi- 
tators. The design the details the settling basins was determined 
model studies (see Fig. 4). The filter bottom specified was the perforated- 
grid type with center manifold. 


*“Trunk Main Water Distribution System for Greater Detroit,” Ayres, 
Am. Soc. E., Engineering News-Record, Vol. 100, No. 22, May 31, 1928, 855. 
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TABLE 1.—Desien Factors: 


Item 


No. Description Value No. Description Value 
Net etost, in Million Gallons Size of Each Unit: 
1 (a) 206 2) Filtering. rate, in million gal- 
2 (6) Maximum day.............. 278 : 
3 | Six filters supplying wash water, in 19 4.0 
million gallons daily............ 4.5 
4 | Required ross capacity, in million 21 4 68 
Filtered-W Reservoir, Million feet per 
Gallons: Operating head, feet............ 9.5 
5 OSS Ses ee 60 24 | Capacity of wash-water tank, in 
(6) Mrxine anp CoaGULaTION gallons per minute.............. 28 000 
Time mixing contact maximum (e) AND 
capacity, in minutes............ 15 
Number of mixing chamber units. . 3 
Weight, in Pounds per Cubic Foot: 
Velocity basins, feet per minute.| Pounds per Square Inch: 
Maximum Velocity, Feet per reinforcement, for: 
Second: 29 (c) Floors, walls, and foot- 
ompression concrete, for: 
13 | Number of basin units. ........... 4 31 (@) Floors, alle, “ond foot- 
Rate Filtration, Million Gal- 000 
lons Daily per Acre: Maximum allowable load bear- 
(a) Normal......... 160 ing pile, 
(6) 180 Maximum Allowable Bearing Value 
Rate of Washing, in Inches of Rise of Earth Foundations, in Tons 
per Minute: per Square Foot: 
16 8 Normal....... sipiaevasinene 36 35 (a) Filtration plant structures. 0 
17 6600s 39 | 36 1 


Horizontal earth pressures were assumed equivalent hydrostatic 
pressures, plus surcharge when imposed. Live loads were determined con- 
ditions substructures; superstructures, live loads were determined 
conditions, reference the Detroit Building Code, whichever was the 
higher. 


keynote the entire design practical simplicity. Atten- 
tion was given each detail avoid complex situations which would 
costly build, which later might cause trouble operation and mainte- 
nance. Where auxiliaries have been used, such master control for filters, 
summation devices for meters, float-controlled water-level indicators, float 
trols for pumps, they have been installed that their discontinuance 
from service will not interrupt the operation the plant affect the 
tioning the standard equipment with which they are used. rule, 
automatic devices, such the differential chemical feed, the automatic filter 
shut-off, the proportional chlorine feed, have been avoided, preference 
being given manual control where practicable. 


1 
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The construction the conduits, chambers, basins, filters, and reservoirs, 
reinforced concrete. The superstructures have structural steel frames en- 
cased concrete (with the exception the steel frame the Chemical Build- 
ing which only partly encased), reinforced concrete roofs insulated with cork 
and tar and gravel roofing, and hollow-tile curtain-walls faced the outside 
with Indiana limestone and the inside with terra cotta, glazed brick tile, 
glazed hollow tile. The operating floors the filters are finished with 
6-in., red, quarry tile with dark green terrazzo borders. The floors the 
Chemical Building, storage rooms, etc., are finished with concrete hardened 
with granite chips and ground smooth. 

The entire structure supported foundation wooden bearing piles 
driven hardpan through subsoil plastic and soft blue clay. The total 
load averages tons per pile with the piles arranged that, when the plant 
entirely filled and loaded, there variation not more than tons per 
account the unfavorable subsoil conditions, care was taken 
avoid excessive concentrations loads the plant. Some variation load- 
ing fluctuating live loads, such storage bins, basins, 
filters, and wash-water tanks. 

Chemical Plant.—The Chemical over part the mixing 
chambers, and contains the chemical storage tanks, chemical unloading and 
conveying equipment, the dry-feed machines, and hoppers for dosing ground 
sulfate aluminum and ammonium sulfate. The arrangement chemical 
equipment shown Fig. This equipment arranged that, 
minimum revision, the manufacture aluminum sulfate may provided 
for, the same time preserving the dry alum equipment for stand-by service. 
The provision for alum manufacture contemplates making the alum syrup and 

The design the Chemical Plant was based the following capacities: 


(1) maximum demand, storage capacity days’ supply 
raw materials. 


(2) demand, storage capacity each alum feeder bin, 
day. 


(3) demand, storage capacity solution feed tanks, 
day. 


(4) maximum demand, storage capacity for alum syrup, 
ays. 

(5) Unloading equipment handle 40-ton car hr. 

(6) Reclaiming conveyors sufficient handle day’s supply hr. 


The equipment installed the Chemical Plant consisted the following: 
(1) Suspended steel storage tanks 390-tons total capacity consisting of: 


(a) Four storage tanks tons capacity each. 
(b) Three storage tanks tons capacity each. 
(c) Five feeder hoppers tons capacity each. 


(2) Pneumatic conveyor for unloading from railroad cars and delivering 
storage (capacity tons per hr). 


Value 
4.0 
4.5 
1 
9.5 | 
0.1 | 
000 
62.5 
00.0 
50.0. 
B 000 
8 000 
650 
750 
| 000 
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Screw conveyor, 200 long, for reclaiming material from storage 
tanks (capacity tons per hr). 

(4) Bucket elevator for lifting material from the reclaiming conveyor 
the conveyor above the feeder hoppers (capacity tons per hr). 

(5) Screw conveyor for distributing material the feeder hoppers 
(capacity 6.6 tons per hr). 

(6) Five dry-feed machines suspended from the feeder hoppers. 

(7) weighing scale for each feeder hopper and dry feed machine, with 
30-in. indicator dial and recorder. 

(8) dissolving basin for each dry-feed machine, delivering the chemi- 
cal dosing lines. 

(9) Three 3-in. dosing line headers 99% pure copper extra heavy tubing, 
with stream-line fittings and valves bronze composition resistant the 
action the alum solution. 

Raw-Water Conduits and raw water delivered the mix- 
ing chamber through two 8-ft concrete conduits which run under the 
floor the generator room the power plant. the west side the power 
plant the conduits change shape 9-ft square conduits and slope upward 
grade about per cent. this section, distance about ft, 
raw-water meter installed each conduit. These meters are the 
Venturi type with 9-ft square inlet and outlet ends and 4-ft square throats. 
The meters are cast concrete with bronze-lined iron throat and pressure- 
ring castings and bronze-lined cast-iron inlet pressure rings set the con- 
The raw-water meter registers are passageway the building 
convenient both alum and chlorine feeders. Dosing points for coagulating 
chemicals and chlorine are provided both inlet and outlet ends the 
meter tubes. the design the meter tubes advantage was taken 
the upward slope the conduits compensate for their convergence 
such way that air trapped, filling the conduits, and all water may 
drained out, emptying the conduits. 

Chambers.—The dosed raw water enters the mixing chambers from 
the down-stream ends the two parallel raw-water meters. The mixing 
chambers are three units approximately 5-min retention period, each 
with by-passing channel. The general arrangement and details are shown 
Fig. The water enters the by-passing channel the east side which 
equipped with gates shut off admit water any the three chambers. 
Normally, the water enters through the three 10-ft sluice-gate inlets 
the south chamber, flows northward through the three chambers (the dividing 
wall-gates which are normally open) and leaves through the three 10-ft 
gates the northwest corner into the coagulated water conduit the settling 
basins. 

All the sluice-gates the mixing chambers are the rising stem type, 
and are hand-operated, with worm-geared floor stands. While the 
mixing chambers the water stirred mechanically driven paddles rotated 
peripheral speed 0.67, 1.0, 1.33, per sec, the speed being regulated 
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KEY PLAN AGITATORS 
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give the best conditioning the water. present (1934), only the first 
mixing chamber equipped with agitators, and brick have been 
built all three chambers. the plant load increased the other chambers 
will equipped with agitators. The location the mechanical agitator units 
for the south section the mixing chamber indicated Fig. Steel-plate 
paddles, long, are mounted spirally about shaft 12-in. steel pipe 
hung from thrust-bearing base casting mounted the cover slab the 
chamber. The lower end the shaft steadied sleeve-bearing attached 
the bottom the chamber sump. This paddle assembly driven through 
900:1 vertical reduction gear four-speed squirrel-cage vertical motor 
mounted the gear housing. 

The following data will serve summarized description the mixing 


Elevations, Feet, Above: 


Bottom Slab: 
110.0 
Average dose ‘alum, grains per gallon....... 0.6 


Time mixing, minutes, 300 mgd capacity. 
Length horizontal travel, with feet 

Velocities, Feet per Second: 


Settling general features the settling basins are shown 
Fig. Referring Fig. column vanes are in. thick Elevation 
112.5 and in. thick the top, from Point the entrance baffle. Inter- 
mediate vanes are in. thick the top and in. Elevation 112.5 for their 
full length and the batter continues the top the vane. 

The settling basins are four units each about 135 340 plan, with 
about water depth and free-board from the water surface 
the top the roof slab. The entrance wall, inlet structure, consists 
lower conduit, in. wide in. deep, which extends the full 
width the four basins, and upper channel which distributes the water 
across the width each basin means vertical slot openings its inside 
wall. two points, one between each pair basins, there junction 
chamber which allows the water flow from the lower conduit into the 
upper channel inlet each respective basin. Each inlet channel entrance 
provided with sluice-gate. The inlet channel and slotted 
openings were constructed nearly possible similar the most favorable 
inlet design obtained the scale model tests previously mentioned. 

The water distributed across the north end each coagulation basin 
the slotted openings the upper entrance channel directed straight 
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through the basin straight vanes, training-walls about The 
water flows velocity per min for the 340 the south 
the basins, where taken off over weir. The weir normally 
merged about ft, into collecting conduit, in. wide about 
deep. The collecting conduits flow together two points into junction cham. 
bers which admit the water the Filter Building. Each collecting 
outlet provided with 12-ft sluice-gate for shut-off Beneath 
extending the full width the basins, through which water may by-passed 
directly from the mixing chamber the filters. This conduit 
equalizer the flow from basins the two filter influent mains. the out 
let weir there skimmer baffle and trough somewhat unusual design, 
constructed that, during short periods high-water level the basins, the 
scum will flush off into the drain. The skimmer trough acts also 
overflow. 

facilitate cleaning, the bottom each basin shaped into three shal- 
low hoppers, with sump the center each. hydraulically operated 
24-in. mud valve operated the basin drain line this sump. The valves 


the pressure lines for operating the mud valves are grouped the two, 


outlet, junction-chamber, gate-houses. One basin equipped with perforated 
belt line small pipe for flushing the floor during cleaning. this proves 
efficient the other basins will equipped. water main with hose con- 
nections provided each basin for use cleaning. 

Structurally, the basins are simple reinforced concrete design; the side 
walls and division walls are the cantilever type; the floor the flat-slab 
type; and the roof flat slab supported cylindrical columns in. 
diameter, spaced from center center both ways. 

The roof-slab spans are square between intermediate panels; the end 
panels have reduced spans the direction which the continuity broken 
walls and expansion joints. Since flat slabs 30-ft span are quite close 
the maximum common use, the analytical design was 
mechanical instrument simulating model the structure. 

The inlet and outlet wall structures are somewhat special construction, 
typical such features: Inlet and by-pass conduits are designed rigid 
structures; the slotted inlet wall, subject little horizontal load, 
designed curtain-wall baffle, tied the top, bottom, and ends; the 
outlet weir wall cantilever; and the junction chambers have horizontally 
spanned walls. 

The roof the basins covered with fill, consisting in. 
pea gravel and in. earth. Over each junction chamber gate-house 
superstructure which the 12-ft sluice-gates are hoisted electric- 
ity and stored. The part the basins above the general finished grade 
the site (Elevation 130.0) faced with limestone match the building group, 


and the curb wall retaining the basin roof fill surmounted ornamental 
iron fence with stone posts. 
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The following data will serve summarized description the settling 
basin 
Elevations, Feet, above Detroit City Datum: 


Bottom Slab: 
107.0 
Volumes, Cubic Feet: 
Water each basin (Elevation 112.5 
Elevation 131.0)...... 844 770 
Sludge hoppers, Elevation 112. 675 
Total capacity four basins: 
With water Elevation 131.0........ 725 
With water Elevation 3634 460 
Time detention 306 mgd capacity, hours 
Velocity flow through the basin, feet per 
minute, 306 mgd capacity...... 2.8 
Velocities, Feet per Second, mgd 
Capacity: 
Entrance velocity (normal water level) 1.0 
Outlet velocity over weir (normal 
Maximum velocity basin outlet 
Turbidity settled water, parts per million. 
Dimensions, Feet: 
Length flow basin.............. 340.0 
Width one 135.5 
Effective water depth, one basin. 18.0 18.5 


Slotted entrances and 29-ft guide-vanes constitute the baffling system; the 
outlet the basin operated submerged weir; and the basins are 
covered. 

group sixty-eight filter units adjacent and centers 
the south wall (which the outlet end) the settling basins. The filters 
are arranged four rows along two parallel pipe galleries with concrete in- 
conduits connected cross-conduits the outlet chambers the 
settling basins. The top slab the influent conduits forms the operating 
between the rows filters. 

The interior filter unit showing the wash troughs and the under- 
drain system before the filtering material placed, shown Fig. The 
filters are the front gullet type, with longitudinal wash troughs cast iron 
and perforated cast-iron pipe under-drains. The under-drain laterals are con- 
nected central manifold cast bottom the filter. The 
ends the laterals the side walls the filter unit are connected 4-in. 
cast-iron headers parallel the walls eliminate dead ends and assure 
More uniform distribution flow the under-drain system. These wall 
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headers are perforated also give slight excess wash water along 
filter walls, during washing. 

The filtering medium consists 18-in. depth specially selected 
and in. silica sand. The gravel grades size from in., 


sand 95% pure silica having effective size 0.5 and uniformity 
coefficient 1.3; composed particles larger than mm. The 
sand finer than 0.3 was washed out and disregarded computing 
the effective size and uniformity 

While filtering, water normally stands within in. the top the 
filter walls, making about water depth the surface the sand bed. 
washing, the sand expands 50% and rises the bottom the lower ends 
the wash troughs. 

typical section the pipe galleries and the piping for typical filter 
unit shown Fig. 10. All header conduits are concrete and are arranged 

form the floor the pipe gallery well the filter operating floor above. 
The filter connections are made with cast-iron fittings and flanged valves the 
following sizes (in 


diameter the bottom, particles the top the gravel layer. The 


; 
INTERIOR FILTER, SHOWING UNDER-DRAIN SYSTEM AND WASH TROUGHS 
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All valves are the cast-iron, bronze-mounted, double-disk type, 
hydraulic cylinders operated from marble-faced operating table cabing 
located the filter operating floor the front each filter. All 
are bronze-lined throughout, including the cylinder heads 
pistons, and all pressure piping the valve cylinders seamless copper 
tubing. 

Each filter equipped with rate-of-flow controller the Venturi typ 
and loss-of-head gauge, both actuating indicating and recording 
head mounted the filter operating table above. The rate controllers are 
arranged for setting for individual setting desired. 
pipe galleries are heated steam radiators and ventilated line sted 
grating along each side the operating floor the filter. 

The wash-water supply system consists two pumps with capacities 
000 gal per min each, two pumps with capacities 000 gal per min, located 
recesses off one pipe gallery, and two 000-gal tanks the 
the Filter Building. The pumping capacity sufficient for washing filters 
continuously, one time, while the tank capacity sufficient for one single 
filter wash. The depth the wash-water tank and the rate filter washing 
are indicated large illuminated gauge near the center each operating 
gallery. 

The following data will serve summarized description the filters: 


Rate Filtration, Million Gallons per Day, per Acre: 


Capacity filter unit (maximum rate), 


General Dimensions, Feet: 


Depth filter box............. 11.0 
Clear distance between troughs......... 4.44 
Height, bottom wash-water tank above 


Detail Dimensions, Inches: 
Diameter connections: 


Thickness sand bed........... 
Gravel: 


Height, surface sand crest wash 
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Elevations, Feet, above Detroit City Datum: 
Water surface 130.5 
Effective size sand, millimeters........ 0.5 
Uniformity coefficient 
Under-Drains (Dimensions, Inches) 
Laterals, spacing, center center...... 
Orifices, spacing, center center...... 
Ratio orifice area sand area 100).. 
Tank capacity for wash water, gallons 
000 
Pump capacity for wash water, gallons per 
Percentage wash water used (average).... 1.3 


The strainer system composed perforated cast-iron pipe, with perfora- 
tions brass bushed. The wash gullets are the front the filters, and the 
sand not agitated during the washing process except the high velocity 
the wash water. 

filter group housed single-story building with 
two longitudinal monitors, over the filter operating galleries, and two cross- 
monitors which the wash-water tanks and air-conditioning and heating 
equipment are placed. This building concrete-encased, structural-steel 
frame construction, with reinforced concrete roof the type. 
The curtain-walls are hollow tile faced with buff terra cotta the interior 
and chat-sown Indiana limestone the exterior. 

The concrete ceiling and columns are painted light color. The 
operating floor finished with 6-in. square, red, quarry tile, black 
mortar, with borders and spill-rail curbs dark green terrazzo. railing 
ornamental iron with oak top rail along each side the operating 
galleries. All ornamental iron work, steel floor gratings, ventilator grilles, 
and steel sash and door framing are painted dark green. The roof 
insulated with 1}-in. layer pressed cork top which standard 4-ply 
tar and gravel roofing. Large skylights the vault type the roof over 
the filters augment the light from the gallery monitors. 

Heating attention was given the heating and 
ventilating the Filter Building. Tests made the existing Water-Works 
Park Plant indicated considerable variation temperatures throughout the 
building and large consumption heat maintain average 50° 
during zero weather. Condensate was seen collect the steel work, roof 
slabs, and window sash the spring and fall when the building was not 
heated. With this example observe and test, was expected that 
improved heating and ventilating system could the Spring- 
Filtration Plant. The uncertain heat loss the open water surface 
the filters complicated the problem considerably. Attempts measure this 
failed, due lack instruments for measuring such small temperature 
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change. heat transfer coefficient 2.00 was taken the most probable for 
heat loss open water surface. collaboration with experienced heating 
and ventilating consultants, the following outline heating system for the 
Springwells Filter Building was developed. 

Heating.—The pipe galleries were heated direct radiation; and 


the main building (except one room), re-circulated air. The controlling 
temperatures, degrees Fahrenheit, were: 


Maximum average, controlled 


Maximum allowable variation working area........ 
Maximum temperature heated 


specifications required four changes air per hour, 
re-circulated, with one change fresh air admitted and tempered. Stale air 
was exhausted from the floor, the ends the pipe galleries, the 
rate air change per hr. probable air leakage air change per 
from the building was expected, due maintaining inside the building, 
means the fans, slightly higher pressure than normal atmospheric pressure. 
Re-circulated air was taken from the main roof the center the 
filter group and returned the four intersections the operating galleries, 
and the Maximum permissible air velocities, feet per 
minute, were established follows: 


The total heat required maintain the main part the building 
average temperature 50° with zero temperature outside, and with water 
32° the filters, was computed Btu per hr. This heat loss 
was apportioned shown Table The loss the pipe galleries could 


Heat, 

ritish Area,in 

thermal Surface square thermal 
units per eet units per 

hour hour 

526 690 360 598 000 

450 510 586 000 

874 800 over 960 131 400 

For air change 608 000 


estimated only approximately. Considering the exposed area pipes 
condenser surface and estimating air change per due convection 
rents, total 587600 Btu per was computed necessary keep the 


pipe galleries above 50° with water 32° the plant, and the main 
building 50° 
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The heating surface required was computed the basis 5-lb steam 
pressure the heaters and radiators. allowance pressure drop 
the steam lines between the source the steam (the low-pressure side the 
turbines the generator room the power plant) and the farthest heater, 
governed the sizes steam pipes. 

The heating equipment consisted the following principal units, com- 
plete with 

Four blower fans 500 per min capacity air 70° 
against back pressure in. water. 

Four batteries cast-iron heaters having 064 heating sur- 
face each, for re-circulated air. 

Four batteries cast-iron heaters having 408 heating surface 
each, for tempering fresh air. 

Four dampered louvers for fresh-air intakes. 

Four distributing louvers diffusers for re-circulated air. 

Four exhaust fans 4000 per min capacity air 70° 
against back pressure 0.3 in. water. 

radiators pipe galleries, each 126-sq heating 
surface. 

Two vacuum return pumps for pipe-gallery radiation, each capacity 
ample for 000 radiation. 

The re-circulating fans and air heaters are installed the space be- 
neath the wash-water tanks the cross-monitors the building. Condensed 
steam returns gravity from the air heaters vacuum return pump the 
basement the plant office, which the route back the boilers. 

The steam main the air heaters the monitors installed the roof 
the Filter Building with the air-recirculating duct. The steam supply 
lines the pipe galleries are placed along the walls the galleries. All 
steam lines and return lines are insulated with 85% magnesia pipe covering, 
re-canvassed. exposed part the steam main the roof also 
covered with steel sheath. The heating system was installed during the 
time interior finishing and was completed soon after the building was 
constructed. 

Office and Laboratory building was constructed complete 
under one general contract, including heating, ventilating, plumbing, electrical 
work, and all other trades. Its construction was typical buildings this 
nature. 

The first floor contains offices front for the filter plant superinten- 
dent, the power and pumping plant superintendent, the clerical force, and 
conference receiving room. The rear the first floor contains locker 
shower rooms, and toilets for the plant workmen and operators, 
well time office and storage rooms. The second floor contains the filter 
plant laboratory, with offices for the chief chemist and bacteriologist. 

Weir Chamber.—It was required that the effluent water level maintained 
height sufficient submerge the filter-effluent connections and effluent- 
main conduits and operate the shunt system.‘ For this purpose, cham- 
ber provided, the outlet ends the filtered-water, effluent-main, conduits, 


System Operating Filtered Water Reservoirs,” Hardin, Engineer- 
ing News-Record, Vol. 103, No. 26, December 26, 1929, 1011. 
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which contains filter-seal weir with crest Elevation 118.00 and reservoir 
weir, two sections, with crest Elevation 119.50, shown Fig, 
This chamber reinforced concrete construction. addition its 
ing function serves foundation for the plant office well providing 


Elev. 130.0 


Elev. 109.0 
Elev. 108.0 
70" TO Elev. 104.5 


Building 


SECTION 33-33 


Elev. 131.0 


104.5 
SECTION 38-38 


storage space for stop-logs, spare parts, castings, etc. The two sections 
reservoir weir are built diagonally gain length and also converge the 
flow from the filter-seal weir the entrance the conduits leading directly 
the high-lift pumping plant. central division wall provided for use 
shutting off one-half the plant. Openings this division wall and the 
reservoir-weir walls (filled stop-logs) are provided for flexibility by- 
passing running under special operating conditions. 

Two 9-ft conduits which run from the weir chamber the west end 
the high-lift pumping plant, are designed carry water direct the pump- 
ing plant. 8-ft conduit conveys water from the south end the weir 
chamber the filtered-water reservoir. The conduits the pumping plant 
take the water that overflows the filter-seal weir, while the reservoir con- 
duit takes the water that overflows the higher reservoir weir. 

The Shunt shunt system method operating the high- 
lift pumping plant that about three-fourths the total pumpage drawn 
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directly from the filter plant about above the level the effluent-seal 
weir, while the remainder, which taken the daily peak, drawn from the 
filtered-water reservoir level that may vary with the reservoir stage, from 
Elevation 120.0 Elevation 108.0 each day. Thus, considerable head 
the suction side the pumps conserved for most the water pumped. 
This accomplished dividing the pumping units into two groups with 
division wall the suction gallery the pumping plant. small group 
the remote end from the filter plant, comprising about one-fourth the high- 
lift pumping capacity, draws from the reservoir through Gate Chamber No. 
and reservoir-outlet conduits connected the east end the pump suction 
gallery, while the remainder the pumps draw directly from the filter plant, 
via the weir chamber. 

The weir chamber effects the division the water the filter plant 
secondary weir, called the reservoir weir, the crest which high enough 
above the seal weir that the entire flow filter effluent may pass over 
without overtopping the reservoir weir. The direct flow the high-lift pump- 
ing plant taken off between these weirs. Thus, the entire capacity output 
the filter plant may pass directly the high-lift pumps without affecting 
the reservoir levels all. the pumps taking suction direct from the filter 
plant not require the full filter output, the effluent level rises until over- 
tops the reservoir-weir crest Elevation 119.5, and the excess discharged 
the reservoir. During peak pumpage hours, when the output the high-lift 
plant more than that the filter plant, pumps the remote end are placed 
service required meet the demand, and the pumpage excess the 
filter output rate taken from the reservoir. 

For convenience operating the water-level gauge provided 
the weir chamber between the two weirs and control level about Elevation 
119.50 maintained this point. this water level rises above Eleva- 
tion 119.50, known that water flowing into the reservoir and that, 
possible, additional work the pumps west the division wall permis- 
sible and less the east side the division wall order. the control 
water level falls Elevation 119.0, below, less pumping west the di- 
vision wall, and more, east the division wall, desirable. safeguard the 
operation the pumps and insure suction water from the reservoir all 
pumps the high-lift plant, flap-gates are provided the suction-gallery 
division wall which are opened the pressure from the reservoir-water side 
any time the water level the filter-plant side below that the reser- 
voir side this wall. 

From the foregoing seen that the shunt system the main flow 
water from the filter plant diverted directly the high-lift pumps 
normally constant high level, and the reservoir secondary loop, 
shunt, feeding small group pumps, normally isolated suction from 
the remainder the station. with the shunt system the Water- 
Works Park Station (see Fig. has shown that causes inconvenience 
whatever the pump operation. The pumps the reservoir group, rule, 


are put service only peak hours and little concern given the shunt 


system, which works automatically. 
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Hydraulics Flow Through Plant.—The computed velocities, head losses, 
and water-surface elevations governing points throughout the plant are 
given for both maximum-capacity flow 306 000 000 gal daily, 
and average-capacity flow 210 000 000 gal daily. For these computations 
assumed that the water-surface elevations the filtered-water reservoir 
are less than 119.5. When the reservoir higher stages, its normal 
high-water level Elevation 121.00, the filter effluent levels will raised 
correspondingly (except for the slight effect the greater submergence 
the effluent weir), thus reducing the available operating head the filters 
times high water the reservoir. 

Under-Drainage System and Main Drains for Plant.—The entire sub-grade 
area the filtration plant and reservoir provided with drains for controlling 
the elevation the ground-water under the plant. drains are 6-in. 
vitrified sewer pipe laid with open joints shallow trenches the surface 
the sub-grade and surrounded open gravel. They are spaced approxi- 
mately from center center, located clear the piling. Under 
the coagulation basins and mixing chamber and under the floor-slabs the 
filters there also layer open gravel about in. thick for distributing 
the water between the drains. There gravel layer between the drains 
under the reservoir. There are drains under the wall footings and the 
pipe galleries. addition the under-drains there also belt drain 
perforated, 12-in., cast-iron pipe laid completely around each structure the 
top the wall footings intercept ground-water from the surrounding area, 

The drainage system under the structures constituting the filtration plant 
connected the main drain from the plant overflow connection which 
discharges water when the level above Elevation 118.5. expected that, 
usually, there will flow from the drains due leakage and ground-water; 
but assure ground-water level sufficient height cover the timber pil- 
ing water-supply connection provided with float-operated valve that 
admits water the drainage system when the level becomes less than 
Elevation 118.5 (which above the top the highest pile). 

The level the reservoir drainage system maintained desired levels 
float-controlled sump pumps which discharge into the sewer. 

Filtered-Water reservoir for filtered water consists two 
sections, each with capacity 20000000 gal, and each rectangle, 455 
long 313 wide (interior dimensions). There will third section, 
eventually, about the same size. Water flowing the reservoir dis- 
tributed the sections conduit, built along the north wall, which 
connected the sections through gate-chamber each one and also 
through additional 66-in. inlet valve the east section. each gate 
chamber are four 48-in. double-disk gate-valves, hand-operated geared 
floor stands with cranks. The water may enter leave through these valves. 
Flap check-valves are placed the gate-valve openings such manner that 
the water flows through the valves one side the center baffle-wall and 
out through the valves the other side. this means, water may cit 


through the reservoir sections, desired. the east section, the 


66-in. valve serves the inlet, and two the 48-in. valves equipped with 
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per head, per sec- head, 
ond feet feet ond feet feet 


Elevation above Detroit City Da- 
4 | Intermediate gates (four, oN 10 ft) 1.35 0.04 jane 1.97 0.09 eckine 
Outlet gates (three. ft).. 1.80 0.05 2.63 0.11 
7 | Entrance to coagulation basins... . 0.75 1.09 0.04 
Elevation above Detroit City 
10 | Basin outlét weir................ 0.65 0.95 
Junction chamber and settled water 
Settled water conduit 
regain regain 
15 | Filter inlets.......... 0.77 0.99 0.04 
Elevation above Detroit City 


Elevation above Detroit City Da- 
Asove Erriusnt Weir Weir CHAMBER 
Elevation above City Da- 
22 | Effluent weir.............. 1.63" 09 0 
above Detroit City Da- 
high-lift pumping plant 
25 | Entrance to 50-mgd pump suction 


SS 


rmal 
lling 
face 
nder 
the 
ting 
ains 
the 
the 
rea, 
lant 
hat, 
ter; 
pil- 
that 
han 
vels 
two 
ion, 
dis- 
ate- 
red 
ves, 
hat 
ith 


Z ‘ON 40 NVIQ—ZI ‘Ola 


aurjeseg? 


SPRINGWELLS FILTRATION PLANT, DETROIT, MICHIGAN 
= 

OPIS 40) 


z: 


8nig 


372 


NT 
17 4 
| 
@ 
@ 
B 
@-* 
| 
= 
<2, 
< 
q 
> 


SPRINGWELLS FILTRATION PLANT, DETROIT, MICHIGAN 


SYNPUCD 6.8 om 


2 
= 
= 
is 


374 SPRINGWELLS FILTRATION PLANT, DETROIT, MICHIGAN 


flap-gates serve the outlet, produce circulation arouad the 
Figs. and give the general plan and sections the existing sections 
the reservoir. 

The reservoir constructed reinforced concrete standard 
The walls are one-way slabs spanned vertically between the base and the 
roof. The roof and floor are typical two-way flat-slab construction with 
cylindrical columns spaced center center both ways. 

The reservoir completely back-filled and its roof covered with in. 
gravel and in. earth. thus forms the front-yard area the station 
and will landscaped and planted. Water drawn from the reservoir 
the pumps the east end the high-lift pumping plant through two, 8-ft 
square, concrete conduits running from Gate Chamber No. the east end 
the suction gallery this pumping plant. 


General Plan and constructing the Springwells Filtra- 
tion Plant and Reservoir, the Board Water Commissioners acted somewhat 
the capacity general contractor. Most the equipment, valves, sluice- 
gates, piping, and castings were purchased separately, and contracts for the 


c 


1930 Jan. 


12 


1 Filtered Water Reservoir, Section No. 1 
2 Filtration Plant, Foundations 

3 Filter Rate Controllers 

4 Filter Valves 

5 Filtration Plant, Substructure 

6 Special Castings 

7 Filtered Water Reservoir, Section No. 2 

1932 Jan.f 8 Filtration Plant. Superstructure 

9 Wash Water Pumps 
10 Alum Machines 
11 Chiorinators 

12 Filter Equipment, Sand and Gravel 


15 Chemica! Building 


1933 Jan. 


CONSTRUCTION 


1928 July 
Oct. 10, 1931 
(a) Predicted Schedule Schedule 
Office and Laboratory 
14 Drains, Sewers and Disposal Works 
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construction work and installation were let building contractors and trades, 
this equipment, piping, castings, etc., being furnished. The reservoir was 
constructed under two contracts. The filtration plant was constructed under 
eight separate major contracts: (1) Excavation and piling; (2) substructure 
(mostly heavy concrete (3) superstructure Filter Building; 
(4) electrical work Filter Building; (5) plumbing, heating, and ventilating 
work Filter Building; (6) Chemical Building, including alum-handling 
equipment; (7) masonry facings coagulation basins and mixing chamber 
and the construction the superstructures the drainage pump house and 
two gate-houses the coagulation basins; and (8) complete construction 
the Office and Laboratory Building. 

The operating tables the filtration plant, the chlorinators and chlorine 
piping, the chlorine scales, chlorine hoist, pressure water pumps and sump 
pumps, drainage pumps, filtered water meters, wash-water pumps, wash-water 
meters, and the wash-water pipes were furnished and installed under separate 
equipment contracts, let directly the various equipment manufacturers. 

The subdivision the work resulted smaller contracts and the letting 
work directly the proper trades. This eliminated considerable administra- 
tion from the actual contracts, but required considerable administrative 
work the part the Engineering Division the Board (which handled 
the work) with attendant expense reflected the engineering cost figures, 
shown Table discussed subsequently. believed that the savings 
contract costs effected this procedure considerably more than offset the 
increased administrative and engineering expense involved. Considerable 
saving contract costs was obtained also fully and completely detailing 
the contract drawings upon which bids were based, thus eliminating guesswork 
the part the bidders and resulting low and close bidding. Dividing 
the work this manner expedited the construction since construction was 
begun the foundations while the plans were being completed for the super- 
structures and subsequent work. schedule and expedite the various pur- 
chases and contracts properly, order prevent delays and preserve 
harmonious working conditions where number different contracts were 
under way the limited area the site, involved careful attention both 
the preliminary planning and the progress the work. also added 
greatly the duties the engineering force. 

Progress any purchase was made contract prepared, 
preliminary progress schedule the complete project was made shown 
Fig. which was estimated that the plant might placed 
operation June, 1931. This schedule, course, could not followed 
exactly, but served guide preparing the work. The actual construction 
schedule similarly shown Fig. 14(b). 

The construction was completed the point which operation the filter 
plant would have been possible July 1931, the water demand had re- 
quired it. However, since the drop water demand resulting from the general 
recession business activity made the operation the plant less urgent 
the time, and since several miscellaneous items work were desirable and more 
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economical done before the plant was put service, the actual operation 
was begun October 10, 1931, about four months later than scheduled. 

Construction was nothing particularly special peculiar 
about the construction this project. Standard first-class construction 
methods were used throughout. Most the excavation was drag-line ex- 
and shovels. Piles were driven ordinary wooden skid drivers, 
Conerete was mixed central mixing plant for each job and transported 
the forms chutes, belt conveyors, and industrial train, each contract 
making use different transporting method. The mixers were all about 
capacity. The superstructure work was typical such construction. 
The major part the structural work, except the excavation and pile-driving 
for the filter plant, was done two contracting firms, the Wood Com- 
pany and the Bryant and Detwiler Company, Detroit, Mich. The Whitney 
Brothers Company, Duluth, Minn., did the excavation and piling work for 
the filtration plant. 

The construction photographs, Figs. 18, inclusive, show the magnitude 
and type the construction work. They were taken from the same point 
(the top the concrete mixing plant) and show the filtration plant succes- 
sive stages construction. 

The principal problems construction arose from the magnitude the 
project and the extent the area covered the plant structures, and were 
mainly problems transportation. Approximately acres were occupied 
the actual structures themselves and large volumes materials had 
handled for considerable distances over this construction area while many 
large pipe castings, valves, and pieces equipment had installed the 
work progressed. 

general idea the magnitude the work may obtained from the 
following summary the approximate quantities the principal construction 
materials that went into the Springwells Filtration Plant and Reservoir: 


Timber bearing piling, linear feet........... 1500000 


Concrete forms, square 2000000 
Structural steel, 1120 
fill and drainage material, cubic 000 
Tile under-drains, linear feet...... 000 
Brick and tile masonry, cubic feet............ 000 
Terra cotta, square 000 
Metal doors, square 1000 
Tar and gravel roofing 250 
Skylights, (vault type), square feet.......... 000 
Copper roofing and flashing, square feet...... 000 
Terrazzo and ground-concrete floors, square feet 000 


Quarry tile floors, square 000 
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Construction Cost Cost 
Item Units constructed Adjust Date receipt based 
No. 1913 costs bids the year 
Actual Index 1913 
Number 100 
(a) 
1} Section 1: Contract............... $541 478 ser os January 16, 1929......] 209.40 
3 | Section 2: 347 226 176 December 2, 1930: 196.86 
5 | Section 3: Force account work..... 125 ees 
6 | Section 3: Future construction (esti- 


mated cost, including grading, 
cluding valves, pumps, and level 
gauges (installation of tT in- 
cluded Items Nos. and 3)..... 971 770 May 18, 1929......... 205.15 
Cost Engineering: 


Estimated for supervision Sec- 
Total cost reservoir (60 capac- 
Cost engineering ($94 577), per- 


12 | Total cost per million gallons capacity 
including engineering, inci- 
ental expense, and contingencies $24 517 


(6) 


Foundation Work (Excavation and 
Force account labor 
laneous expense foundation 


Substructure Construction: 
518 574 741 600 July 10, 204.77 


Force account labor and miscel- 
laneous expense substructure 


Superstructure Filter Building: 
604 754 291 982 April 30, 1930..... 207.12 


Chemical Building. Including Me— 
chanical Equipment, Chemical- 
Handling Equipment, Heating, 
Plumbing, and Elec- 


trical 
178 100 577 January 1931...... 194.48 
Force account and miscel- 

laneous expense. .............. 11 713 


Basin Facings and Gate-Houses: 
Contract 


381 318 October 20, 169.78 


Water conduits and from pumping 
plant and reservoirs........... 796 April 30, 1930......... 207.12 


Drainage Pump House: 
Substructure force account labor 382 088 180.89 


25 ‘Superstructure by contract........ 18 734 11 034 | October 20, 1931...... 169.78 
Plant Drains and Sewers: 
27 By contract.......... podsaccece’s 13 365 6 527 | July 10, 1929......... 204.77 
Total cost Filtration Plant (struc- 


(c) 


Drainage pumps, controls, 
valves and piping, $12 335 214 September 1931..... 171.40 
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TABLE 4.—(Continued) 


Cost 
Item ‘ Adjust to Date of receipt based on 
No. Units constructed 1913 costs bids the year 
Index 1913 
umber 100 
(c) 
Sluice-Gates and Valves: 
mixing 135 970 903 October 15, 206.32 
32 | Mechanical mixi 2g equipment, in- 
Raw-water meters gauges, in- 
Filtered water meters and gauges, 
Water-level gauges and signal system, 
36 a men piping in coagulation basins, 
37 Stop-logs and flash-boards. instslled. . 1 451 766 | May, 1931...... +-+| 180.33 
38 | Auxiliary equipment, including pres- 
sure pumps and sump pumps pipe 
galleries, 947 104 April 14, 1931......... 191.63 
pumps and piping........... 868 191.63 
40 | Wash-water pumps and piping, in- 
cluding meters and valves, installed 921 772 ‘July 15, 200 .95 
41 | Chlorinating equipment and Pp Ang 
including feeders, scales, aT ] 
dosing lines, installed............. 33 257 17 098 | March 31, 1931....... 194.51 
42 | Total cost of Filtration Plant equip- 
43 | Filter operating tables, including pres- 
sure tubing, installed............. $55 547 $27 952 October 1930....... 198.72 
Filter Rate Controllers and Gauges: 
45 Installed by contract............. 16 377 7 998 | July 10, 1929......... 204.77 
Filter Piping and Special Castings: 
48 76 614 37 345 | May 16, 1929........- 205.15 
49 Installed by contract............. 10 603 5 178 | July 10, 1929......... 204.77 
Wash-Water Troughs: 
51 Installed by contract............. 10 773 5 261 | July 10, 1929......... 204.77 
Filter Under-Drain Piping and Sup- 
ports: 
ter 
Installed force account labor. 668 766 May-September, 178.74 
Filter Sand for Twenty-Two Filters: 
58 Miscellaneous general expense....... 2 783 200 
59 | Filter sand in place for forty-six filters 
60 | Total cost of filter equipment, in- 
Total Filtration Plant con- 
struction, fully 401 622 170 ........ 
design, supervision, and administra- 
63 | Total cost of Filtration Plant ~_ - 
64 | Cost of investigations 
(includ ing basin-model tests, experi- 
mental filter plant, filter under- 
drain, sand-washing studies, 
testing, soil testing, and roof load 


| 
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TABLE 


Cost Cost 
Actual 1913 as 
Index 
umber 100 


Engineering cost (percentage total 

Experimental work cost percentag 

Filtration Plant cost per gal- 

lons daily capacity (exclusive 

68 | Foundation work..........ceeeee0: $31 928 $15 997 | September 2, 1930..... 199.58 
69 | Building construction... ............ 91 370 45 781 | September 2, 1930.....| 199.58 
Electrical work, including clocks and 

72 | Laboratory aces 5 018 2 423 | April 1, 1930..........| 207.12 
73 | Engineering cost, including design. 

Total cost Office and Laboratory 

75 | Reservoir (60 mg capacity)......... $1 471 044 

Total engineering cost (included 


Cost 


Before the beginning any construction work this plant, Cost Ac- 
counting Bureau was organized with competent clerks and bookkeepers 
keep complete records the actual cost the various features the work 
nearly could obtained independently taking the time and material 
used the work and checking where possible with the contractors’ records. 
The costs the main units the plant compiled from the account ledger 
are given Table These costs represent not only the contract costs, but 
also all costs incidental the work, including force account work done 
direct labor. The engineering costs include all design work, checking, prepara- 
tion plans and specifications, consulting architects’ and mechancial engi- 
neers’ fees, printing plans and specifications, supervision construction, 
time-keeping, clerical work, purchasing expense, checking shop details, in- 
spection materials, shop inspection, and general administration the work. 
The cost experimental work listed separately. For ease comparing 
with other projects the costs have also been reduced the basis the year 


1913 using the construction cost index figures the Engineering News- 
Record. 
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The design and supervision construction the Springwells Filtration 
Plant was done the Filtration Bureau the Division Engineering 
formed the Board Water Commissioners Detroit for this purpose 
This Division worked under the general superintendence George Fenkell, 
Am. E., General Marager and Chief Engineer, and Stephen- 
son, Am. Soc. E., Engineer Water System, the Department 
Water Supply. The Filtration Bureau was the general charge 
Morrill, Am. E., Assistant Engineer (Filtration), with the writer 
charge design, and Orton, Assoc. Am. E., Assistant 
Civil Engineer charge construction. Mr. Thornton, Architect, was 
responsible for the architectural work, and the Little Company, Mechani- 
cal Engineers, consulted the heating and ventilating design. Mr. 
Frey, Accountant, had charge the keeping costs and records. 


The execution this project has contributed the progress water 
purification practice: (1) the development knowledge the flow 
coagulation basins and distributing inlet details experimental model investi- 
gation (2) the development higher rates filter washing and their 
control sand expansion; (3) the conception and development the shunt 
system operating filtered-water reservoirs; and (4) the improvement 
details, such low loss-of-head rate controllers, summation Venturi meters, 
perforated pipe filter under-drains, and chemical handling equipment. 


‘ 


vater 
resti- 
their 
hunt 


STEPHENSON SPRINGWELLS FILTRATION PLANT, DETROIT, MICH. 383 


DISCUSSION 


easily comprehended records design and construction large municipal 
projects, are not presented frequently they should be, and the author 
should commended and congratulated for his contribution this class 
literature. 

The writer’s direct connection with the water supply Detroit began 
with studies for the preparation the Pratt report 1919 mentioned 
the author, and continued until after the beginning operation the 
Springwells Filtration Plant. With this background, the writer submits 
few observations regarding the filtration the water supply Detroit. 

The experimental filtration plant built 1917 was designed primarily 
give visual proof the feasibility filtering the existing water supply, 
and the improvement appearance, taste, and purity which would brought 
about filtration. Its successful operation demonstrated that satisfactory 
efluent could produced with hr. sedimentation and filtration 
normal rate 160000000 gal daily per acre. The experimental plant con- 
structed 1925, was designed, the author states, primarily obtain 
information relating the phenomena mixing solutions with 
raw water, the formation floc, and the settling the treated water before 
conveyed the filters. 

The Springwells Plant, built, retained the normal rate filtration 
(160000 000 gal daily per acre) and the 2-hr settling period found satis- 
factory the older plant. Improved methods introduction to, and guidance 
of, mixed water through the settling basins came one the results 
lessons learned from the operation the experimental settling basin. The 
designers the new plant set their goal efficient mixing chemicals 
and raw water, with optimum and settlement the treated water, 
order lighten the work the filters. 

The addition, the filter under-drain system, line perforated pipe 
connecting the ends the lateral pipes, should result improved distribu- 
tion wash water near the filter walls. The arrangement for operating 
the pumps supplying filtered water the distribution mains, called the 
shunt system, should result reduced power costs. Where conditions are 
favorable, this method operation should find favor. 

The methods unloading, storing, mixing, and delivering chemicals 
chemical solutions are modern and and wash- 
water control are effective and efficient. The general appearance and 
architectural treatment the plant are pleasing, and the municipality 
possesses filtration system which may well proud. 


the construction the new Filtration Plant Detroit, Mich., its designer, 


Associate Engr., Specifications and Contract Section, Knoxville, Tenn. 
*Cons. Engr. (Weston Sampson), Boston, Mass. 
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which has followed the “Studies the Washing 
Roberts Hulbert and Frank Herring, great importance those in- 
terested the progress the art water purification. 

The plant Detroit exemplifies the great improvement which has been 
evolved the method acquiring water purification plant the past 
forty years. the Nineties one bought stock filter and tried make 
work with the water supplied it. Some good ready-made fits were ob- 
tained, and some the purchases—Biddeford, Me.; East Providence, 
Elmira, Y.; Atlanta, Ga., and others—are still use, although some have 
been “re-tailored” order fit their waters better. Many others these 
ready-made plants have been replaced. 

Now, exemplified Detroit, one studies the water treated and 
builds plant fit it. the author has shown, the first requisite proper 
treatment coagulation. With proper treatment, almost any sand bed 
produces good results; without it, the excellent one designed the author 
might fail even true that the proper treatment the Detroit River 
water not difficult that unstored, colored turbid waters, such 
those the Dismal Swamp, the Ohio River, the Mississippi River. 

For example, with inadequately treated water, probably would 
impracticable, even Detroit, use sand coarse that having 
effective diameter 0.55 mm, beds only in. thick; also, would 
probably impracticable use system pipes for under-drains. 

Naturally, the ideal system mixers and basins for treatment 
and coagulation turbulent mixing after the addition chemicals, 
followed, turn, slow mixing and subsidence, the velocity flow 
basins roughly conforming decreasing parabolic curve which reaches 
its minimum just before the water applied filters. practice, this 
ideal approached “step-wise”, but invariably there are pipes and channels 
between mixers and basins and between basins and filters which velocities 
are increased even degree that damages flocs formed previously under 
favorable conditions. 

this connection, the designers are congratulated maintaining 
large plant, influent and effluent velocities 1.0 per sec, which, 
while high comparison with the velocity 2.8 per min through the 
basins, are lower than those obtaining many other plants. Especially 
praiseworthy the simple system distributing the basin influent, al- 
though cases where silt-bearing waters are treated there something 
said favor diverting the inflowing water toward the bottom the 
basin; also, where colored waters are treated, there something favor 
the parabolic deflectors near the outlet weir, successfully used 
Baltimore, Md. 

common with some others, the practice the writer has tended to- 
ward the use filters with false bottoms because they provide better 
distribution wash water. This because the conditions more nearly 
approach the ideal multiple orifices discharging from large tank. Ex- 
perience shows that great damage done sand beds for which the 
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wash-water distribution uneven, and unbalanced hydraulic conditions seem 
arise certain designs pipe manifolds which reasonable thickness 
gravel beneath the sand seems correct, although Gore, Canada, has 
used layers cemented gravel for this correction, with reported success. 

The recent design the Mahoning Sanitary District filters,* using false 
bottoms supporting Wheeler pyramids and balls, and providing large acces- 
sible water space beneath, seems superior any pipe system. The 
writer’s firm has recently used Braintree, Mass., with entire satisfaction. 

The selection wash-water rates from in. per min for 
sand having effective size 0.50 0.55 mm, interesting the writer 
because, 1913, made experiments Concord, Mass.,’ using various types 
sand. From these experiments there was derived optimum velocity 
in. for sand having effective size 0.55 mm, which velocity 
was estimated the sand would expand per cent. these experiments, 
however, attention was given variations viscosity wash-water due 
variations temperature. 

conclusion, the writer expresses his admiration, not only the 
simplicity the design, but the fullness the data presented the paper, 
data truly useful designers and users other plants. 


tude the discussers leaves the writer with very little excuse for closure, 
except express his gratitude. complete the description this plant 
appears that summary operating results should included. Therefore, 
the data Table taken from the March, April, and May, 1935, reports 


1935 1935 Mary, 1935 
Water- Spring- Water- Spring- Water- Spring- 
Works wells Works wells Works wells 

Park Plant Plant Park Plant Plant Park Plant Plant 


(a) 


Output: 
Water filtered, in million gallons 


128.819 97.105 126.787 97 .080 128.129 101.654 
Water pumped mains, mil- 
or use in plant, in million a 
eae 3.402 1.418 1.719 2.147 2.176 2.364 
Percentage loss use 
plant...... 2.66 1.46 1.36 2.15 1.7 2.32 
Wash water, in million gallons 


Filters: 


Filtere 


0.14 0.20 0.10 
head 826 643 082 173 511 


Engineering News-Record, Vol. 111 (1933), pp. 317-321. 
Engineering News, Vol. 72, 22. 
Detroit, Mich. 
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5.—(Continued) 


ApRIL, 1935 Mar, 1985 
Water- Spring- Water- Spring- Water- Spri 
Works wells Works. wells Works, 


Park Plant | Plant | Park Plant | Plant | Park Plant | Plant 


(a) Puant Operation (Continued) 


Chemical Treatment: 
Alum used,in pounds per million 


83.5 61.8 107.1 69.0 81.8 
Alum used, in grains per gallon 0.58 0.43 0.75 0.48 0.55 0.57 
Ammonium Sulfate Used: 
Sulfate, pounds per day. 469 211.2 460 213.3 471 
per million 0.11 0.06 0.11 0.07 0.11 0.07 
Chlorine Used: 
In raw water, in pounds per ; 
million gallons............. 1.96 1.78 1.87 1.50 1.86 
raw water, parts per 
0.23 0.21 0.22 0.18 0.22 0.18 
filtered water, pounds per 
million gallons............. 1.06 0.99 1.44 1.00 1.24 
filtered water, parts per 
0.13 0.12 0.17 0.12 0.15 
(b) 
Agar Plate Counts: 
20°C, raw 000 432 300 439 255 
20°C, applied water . 4 61 86 22 15 21 4 
20°C; tap water.......... res 4 2 7 1 1 
37°C; 2 2 1 1 0 
coli Out 900 
raw water.......... 291 340 201 172 314 
Turbidity, in Parts per Million: 
14 39} 12 32) 38 131 32 112] 31 102} 3 & 
Applied water. .............. 9 31 8 17 16 25 9 15} 15 22; 0 B 
Plankton 
261 422 | 159 228 | 333 418 | 272 364 | 312 343 | 419..493 
mical: 
Residual, Parts per 
fillion: 
0.07 0.10 0.07 0.09 0.10 0.10 
Filtered water 0.04 0.08 0.03 0.06 0.02 0.04 
Weir water 0.11 0.19 0.10 0.19 0.08 0.19 
Tap water......... 0.13 0.15 0.16 0.12 0.13 0.13 
pH-value, raw water. 0.1 8.1 7.9 8.2 8.0 
pH-value, tap 7.5 7.4 7.5 7.4 7.7 
Alkalinity, Parts per Million: 

Total, raw 81.9 82.3 85.0 84.4 85.9 
Total, tap 77.0 77.7 78.3 8.2 


Wallace, Superintendent Filtration, Department Water Supply, 


Detroit, Mich., the operation both the Water-Works Park and the 
Springwells Filtration Plants are submitted. 


i 
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Mr. Stephenson’s reference the architectural treatment may appreci- 
ated from Fig. 19, view the plant should explained, how- 
ever, that the architectural features were placed secondary the functional 
design features. The architect developed his design from general layout 
and plant skeleton already planned and given him for architectural treat- 
ment. With this handicap, architecturally, succeeded commendably 
obtaining very pleasing appearance from the straight lines and mass 
the structures with minimum embellishment and with the use plain, 
and not unduly expensive, materials. 


255 
“4 
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Fic, 19.—intTerion of OPveRaTING FLOOR, SPRINGWELLS FILTRATION PLANT, 
DETROIT, MICHIGAN. 


The writer agrees with Mr. Weston that the Wheeler bottom very 
desirable type filter under-drain system. was one number types 
considered for the Springwells Plant, but was not adopted account its 
considerably greater cost than the perforated pipe under-drain system. 
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ANALYSIS MULTIPLE ARCHES 


-By ALEXANDER 


Synopsis 


continuous system arches elastic piers analyzed this paper, 
and method finding moments and horizontal thrusts the ends indi- 
vidual arch piers, presented. The subject designing multiple 
arches, the wide sense the term, “design,” not treated; the paper 
restricted the discussion problem engineering mechanics determin- 
ing stresses under given conditions loading when all dimensions the 
structure are known. 

The method based the well-known principle moment distribution 
originated Hardy Cross, Am. but the manner applying 
that principle, and various details the method are original. 


THe 


The proposed method may divided into the following operations: 

(a) Analyze the individual spans the assumption that they are fixed- 
ended and, this assumption, determine the end moments and thrusts for 
each arch. 

(b) Find the unbalanced moments and thrusts each pier-head adding, 
algebraically, the fixed-ended moments and thrusts coming from two adjacent 
arch spans (referring specific example, will assumed Fig. that 
the unbalanced joint functions are present only the pier-head, none being 
present the joint, B). 

(c) Determine series quantities that may appropriately termed, 
“the end distribution factors;” they are similar distribution factors and 
carry-over factors the method moment distribution, and their nature will 
explained subsequently. 


Nore.—Published in December, 1934, Proceedings. 


1Instr., Dept. Civ. Eng., Univ. British Columbia, Vancouver, C., Canada. 
Transactions, Am. Soc. E., Vol. (1932), 
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(d) Determine the “joint distribution factors,” four number, which 
represent moments and thrusts the joint with unbalanced forces, when 
given unit rotation unit horizontal displacement some outside 
agency. These joint factors are equal algebraic sums the respective end 
distribution factors (Operation (c)) for the three members meeting 
Joint 

(e) Distribute the unbalanced moment and thrust Point This re- 
quires finding the rotation and horizontal displacement Joint necessary 
balance the forces the joint, operation involving the solution two 
simple equations, the construction diagram. 

(f) Determine the resultant forces the ends all members. 


Referring Operation (c), there are four end distribution factors 
each end each member when the joint, moves (by member meant each 
individual arch span pier, that, all, there are five members Fig. 1): 
(1) The rotation moment factor, (2) the rotation thrust factor, 
the displacement moment factor, m,; and (4) the displacement thrust factor, 
The first two factors are, respectively, the moment and the thrust the 
end any member such Point Fig. when Joint with un- 
balanced fixed-ended moment and thrust, given unit rotation without any 
linear displacement. Similarly, and are moments and thrusts that 
when Joint given unit horizontal displacement, without any rotation 
any vertical displacement. 


Clockwise Rotation 
1 


Fie, 


the method this paper unlike the method moment distribution, the 
pier-head, adjacent the one undergoing the movements, not considered 
fixed, but allowed move its proper amount. This fact explains the dif- 
ference the method determining distribution factors two groups 
members Fig. Members the first group, CC’ and CD, have one end 
fixed, the other end undergoing known movement (unit rotation unit 
translation). Their distribution factors will found formulas, derived 
subsequently. The other three members have unknown movements one 
end, and their distribution factors will found means special alge- 
process. 

concluding this brief outline may mentioned that the method sug- 
gested consists largely following certain simple arithmetical procedure, 
without recourse higher mathematics. Formulas are used only 
evaluating the end distribution factors single members, and the constants 
involved are those commonly used expressing the familiar elastic properties 
arches and piers. 
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symmetrical span multiple arch. required find for 
the moments and thrusts the ends, and when kept fixed, and 
positive direction (which will assumed clockwise). 

The end, which moves, will referred the end, and the 
fixed end, will termed the “far” end. Then, the rotation thrust factor and 
the rotation moment factor the near end will designated; respectively, hy, 
and and similar quantities the end, will denoted hy, and 

definite agreement the exact meaning and signs these symbols 
most important. line with common convention the method 
moment distribution, will assumed that and are the moments 
thrusts with which the arch acts the joint; and the positive directions for 
these actions will clockwise for the moment, and the right for the thrust. 

Since each joint acts the arch with forces equal and opposite those 
with which the arch acts the joint, free-body diagram the arch with 
Joint rotated clockwise through angle, radian, will appear 
shown Fig. Directions for arrows, and this diagram are deter- 
mined the aforementioned convention concerning meaning and signs the 
end distribution factors. The actual forces may have directions opposite the ar- 
rows shown, which the corresponding distribution factors will found 
negative. Thus, quite evident that clockwise moment required 
the end, effect clockwise rotation this end; consequently, the moment 
factor, my,, will ultimately negative. addition and vertical reac- 
tions, and will required keep the span static equilibrium. 

The derivation formulas for the moment factors, and the thrust 
factors, not special feature this paper, but given for 
The necessary expressions can found easily the neutral point method. 
Fig. drawn for the same conditions deformation Fig. The arch 


Displacement 


Right 


has rigid arm extending from the end, the neutral point, and 
loaded Point with the forces, Vy, and Mo, which have been moved 
there from Point Since systems forces Figs, and are equivalent 
each other, the following relation evident from statics: 


Y 
Mey N Mra A 
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assumption, the only movement Point rotation through 
(see Fig. 2); consequently, composite movement occurs the neutral 
point, follows: (1) Clockwise rotation, (2) vertical displacement, 
upward; and (3) horizontal displacement, the right, which, 
the height the neutral point above the springing line. 

order effect these displacements, the forces must exerted Point 
such satisfy the following conditions (derived from the well-known prop- 
erties the neutral point) 


and, 


The unknowns, and are easily found from these relations; and, 
then, mya, and hy, are determined from Equation (1), and from the 
conditions equilibrium the arch. The resultant expressions for 
the rotation distribution factors arch are: 


should pointed out that the axes the co-ordinates, and 
which values and are referred Equations (5), (6), and (7), pass 
through the neutral point, (Fig. 3), and are directed horizontally and verti- 
The distance, determining the location the neutral point, found 


from the relation: 
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The following will found useful evaluating the integrals: 


Equations (8), (9) (10), are co-ordinates the arch axis 
referred Axes and with the origin, the springing. 

Displacement Factors Symmetrical Arch the same 
convention the case the rotation factors, the displacement factors are 
defined the moments and horizontal thrusts with which the arch acts 
the joints when the far end, remains fixed, and the near end, displaced 
horizontally the right (with rotation) distance one unit length 
(see Fig. 4). Positive directions for these actions the arch the joints 
(not the joints the arch) will again assumed the right for 
thrusts, and clockwise for moments. 

The movement the neutral point under these circumstances will evidently 
the same that the point, namely, one unit length the right; 
and this may effected single horizontal force, applied Point 
shown the broken line Fig. thus: 

hya (11) 


Expressions for the other factors will found from the conditions 
equilibrium: 


and, 


and, 


Equations (5) (13), inclusive, the that the right 
end the arch moves and the left end remains fixed, hold true exactly the 
same form (and with the same signs) when the left end moves, and the right 
end stands still. 

For investigating the influence movements the abutments, 
necessary write expressions for terminal forces when one end the arch 
settles vertically without rotation through distance one unit length, 
and the other end remains fixed. easy prove that horizontal thrusts 
this case, and that the end moments are equal to, 


the sign being plus both ends the right end the arch moves down. 
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Rotation and Displacement Factors for Pier with 
represents elastic pier, fixed the base, with unit clockwise rotation 
the top, with linear displacement, and subjected the action 
the forces, and (reversed rotation factors for the pier). Fig. these 


forces have been moved and the extremity rigid arm termi- 
nating the neutral point the pier, distance, below its top. Evidently, 


The neutral point, has the following movements: Clockwise rotation, 
and linear displacement the left, These are produced by, 


and, then, from Equation (15), 


The co-ordinates the pier axis, under the integral signs Equations 
(16) and (17), are measured from the origin the neutral point. order 
simplify the evaluation the integrals, the following relation may 
used 


which, and are measured from the base the pier (see Fig. 6). 
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Similar argument ieads the following expressions for the displacement 
factors pier with fixed base (Fig. 7): 


TA ( ) 


Rotation and Displacement Factors for Pier That Can Move the 
Base.—When investigating the influence yielding foundations under pier 
necessary write expressions for the rotation and displacement factors 
pier that can rotate move horizontally the base, while the head 
remains fixed. Using the foregoing notation and convention the signs 
and directions motions, expressions for thrusts and moments the pier 
base and can obtained from corresponding expressions 
Equations (16), (17), (19), and (20) the pier-head substituting 
(a, fora. The force functions the top the pier, while the pier- 
head still remains locked, can then found statics. 


and, 


Application this method will demonstrated two examples arch 
systems with ribs and piers the proportions used Charles Whitney, 


Am. E., his fundamental papers arch All ribs and 


piers (see Fig. will assumed thick, and will have the properties 
listed Table 1.‘ 


Transactions, Am. Soc. E., Vol. (1925), 931; and Vol. (1927), 1094. 
Loc. cit., Vol. (1927), pp. 1112 and 
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Fic. 


Length span, 200 the crown from the arch 
Rise arch axis, feet.............. rib axis the neutral point, 3.15 
Ratio, unit loads, ws, springing Pier, Feet: 
\ {Total height, a1 Im feet ....... 


The following values have been found from the formulas developed Mr. 
For Arch Rib: 


and, 


For Pier: 


and, 


The influence rib-shortening, expressed the integral, slight 


and will disregarded the following examples. values for the 
end distribution factors are obtained substituting the quantities Equa- 
tions (21) (25) Expressions (5) (20). The results are listed Table 
the factors being divided For example, the rotation factor, 


easy understand that the absolute values distribution factors are 
not essential, and that quantities proportional them will serve well 
distributing unbalanced joint moments and thrusts. Moreover, the coefficient 
proportionality for rotation factors may made different from that for 
the displacement factors. change this coefficient may advisable 
order raise lower the values the factors, thus avoiding the incon- 
venience using numbers that are too large too small. 
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the following numerical examples, the quantities, and will 


used the rotation factors, and the quantities, and the 


displacement factors, and being the coefficients proportionality. 


evident from the physical meaning the distribution factors that: 


ength 


units; and, for units. 
lengt 


Roration 
Value 


57.8 in.* = 4.82 in*-ft 0.574 in.* = 0.0478 in-ft. 


The important feature that the moment factors have length dimensions 
power one degree higher than that the corresponding thrust factors. 
The same characteristic preserved the units the proportional values 
(see Table 2). This extra length dimension (an exponent for 
example, compared with different from the remaining dimen- 
sions, and although the others may expressed either inches feet, 
the units this particular dimension must agree with the length units the 
fixed-ended moments. 

This the reason for the seemingly peculiar combinations inches and 
feet the units the moment factors Table These combinations evi- 
dently result from the fact that the fixed-ended moments are expressed 
kip-feet. course, would quite correct, although inconvenient because 
small values, have the proportional distribution factors expressed feet 
only. Aside from this single qualification, the units distribution factors 
are quite immaterial, and may disregarded completely, unless the absolute 
values terminal deformations are considered, the case yielding 
foundations. 


tion 
(5) ™Na 
(6) 
(16) 
(17) 
oS OSS SS 
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— 


contains the complete solution 2-span arch. 
Moments are expressed kip-feet, and thrusts, kips. The ribs and piers 
have the dimensions and properties listed 

Tables and The structure loaded the middle 

the left span, shown Fig. with uniform 
load 0.1 kip per lin ft. Pier Base and the 


(See 


(Thrusts, are kips; and moments, are kip-feet) 


Joint 
BA Bp’ Be Total, Joint B 


Conditions 


Item No. 


h m 
(Col- (Col- 
umns 

(3), (4), (6). 
and (7)) and 
(9) (10) (11) 


0.0 0.0 3.76 


Values are the same Column (3), with opposite signs. Value are the same 
Column (7), with opposite signs. 

The vertical columns Table contain moments and thrusts. The 
values refer the ends the various members, thus: Columns (3) and (4) 
(Table 3), headed “B,”, give forces End Member BA, Fig. Columns 
(9) and (10) contain the values forces acting Joint They are com- 
puted adding, algebraically, the quantities the three preceding columns, 
B,, and 

The conditions causes that produce the forces are listed Column (1), 


Table Items Nos. and contain forces caused the rotation, 
and the displacement, Joint for this reason, Joint shown 


circle Fig. other words, the quantities listed these two items 
are the distribution factors for movements Joint 

Item No. Table contains the fixed-ended forces the two single spans 
under the action given uniform load. These values have been computed 


the 
hat: 
AL 
m* h m h m h m 
(1) (2) (3) (4) (5) (6) (7) (8) 
lie 4.82|—0.574|—10. 10] .19|—614.2|—0 .574/—10. 10} +16.04 |—634.4 | +4.82 
Fixed-ended 
-|-—-25.02| —4.482) —25.02/+12.62 
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means diagrams and formulas given the paper Mr. Whitney, 
ously cited. there was any known movement the supports its 
would calculated Equations (5) (20), and included with the fixed- 
ended forces from the load. 

follows from Item No. Table that there are Joint 
balanced thrust 4.482 kips and unbalanced moment 25.02 kip-ft, 
which cause this joint rotate through unknown angle, and move 
horizontally unknown distance, that the forces this joint become 


> 


balanced. the rotation, measured angular units containing radians, 


and the displacement, linear units the magnitude, the 


cal values these unknowns are found from the equations equilibrium 


in on 


he a+ ha A+ ctixeay (26) 
and, 


Substituting values and (Joint from Items Nos. and Table 
Equations (26) and (27) become, respectively: 


. 

. 

. 

. 

. 

. 

. 

bo 
oo 


and, 


which the coefficients before the and -terms are the distribution 


factors Joint From Equations (28) and (29): 0.3541; and, 
Items Nos. and Table give forces caused the rotation, 0.3541 


and the displacement, Joint Item No. obtained 


adding, algebraically, Items Nos. and and gives the terminal 
moments and thrusts various members the structure under the loading 
considered. 

Columns (4), (6), and (8), should add zero. This constitutes good 
check the solution the equations. small discrepancy found result 
this check has been thrown into the pier, the rigidity and distribution 
factors which exceed, greatly, the corresponding values for the other mem- 
bers this joint. The amounts rotation and translation Joint under 
the action unbalanced forces can also found graphically. The graphical 
solution, however, will not given this paper. 


a 
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2.—A 4-span arch analyzed this more difficult example (see 
Fig. 10). The arch ribs and piers are alike and have the same dimensions 
and elastic properties those Example 


(see Tables and 3). The abutments and pier 
bases are again considered absolutely fixed. 


adopted, the simplest one being, perhaps, 
consider the structure combination two 2-span arches, ABC 
and CDE, with Joint fixed; and then unlock this joint and introduce 
the influence its movements. This procedure necessitates, first, the de- 
termination distribution factors for the movements Joint which 
differ from those given Equations (5) because the structure 
extended two spans from Joint instead one. 

Fig. arranged the same basis Table the diagrams 
structures Column (2) being inserted assist forming mental pictures 
the various steps taken, before the final solution reached. evident 
from the diagrams, the necessary characteristics the 4-span arch are de- 
termined after preliminary study 1-span and 2-span arches. The joint 
undergoing movement each step indicated circle around the 
diagram. 

Fig. 11, Items Nos. and contains the already familiar distribution 
factors 2-span arch, ABC, with Points B’, and fixed and Point 
(in circle) free move. Item No. gives rotation factors for single arch, 
BC, when Joint fixed, and Joint permitted move. course, these 
quantities are the same those Item No. Columns (3), (4), and (5). 

Joint acted upon forces Item No. unlocked, rotates and 
moves horizontally, center joint 2-span arch, that the forces be- 
come balanced. These movements are found from formulas similar 
Equations (26) and (27) substituting the proper thrust and moment factors 
from Fig. 11, thus: 


and, 


For clearness, Equations (30) and (31) are stated also Fig. 11. From 

The effect these movements expressed the forces calculated Items 
Nos. and When these values are added the original forces Arch 
before Joint has moved (Item No. 3), the result the final forces (Item 
No. 9), members the double-span arch, ABC, when Joint 


undergoes the specified pure and Joint moves manner suit- 


able the occasion. other words, Item No. contains rotation distribution 
factors the 4-span arch corresponding movements the center joint, 
The displacement factors are found similarly Items Nos. and 10, 
Fig. 
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Items Nos. and 10, Fig. 11, are completed filling Columns and 
and adding, algebraically, the three C-columns find the joint 
tion factors. There need fill the various and since their 
factors are identical with those the symmetrically opposite members, and 
This concludes the first stage, preliminary investigation four cases 
loading. For clearness, may re-emphasized that this first stage has 
resulted the determination of: 


(1) Terminal forces the 2-span arch, ABC, caused unit rotation and 
unit translation Joint (Items Nos. and Fig. 11). 

(2) Terminal the 4-span arch, ABCDE, caused unit rotation 
and unit translation Joint the center (Items Nos. and 10, Fig. 11), 


Item No. contains the fixed-ended forces single arch, BC, under 
uniform load (Case 1), the right half Span BC. Item No. 14, the sum 
Items Nos. 11, 12, and 13, gives the terminal forces the double-span arch, 
ABC, under the same loading, after the unbalanced forces Joint have 
been distributed, using factors Items Nos. and and solving the equa- 
tions given the right side Fig. opposite Item No. 11. The only 
remaining step distribute the unbalanced forces Joint using the 
distribution factors Items Nos. and 10. The following equations 
the form Equations (26) and (27) are used: 


and, 


from which the movements the joint, are found be: 0.1800 and 


0.9956 The effects movements the joint, the members 


various and are the same the members symmetrically 
located the left side the structure. The resultant terminal forces are 
entered Item No. 17. 

Case which uniform load occupies the left half Span 
investigated and the results are entered Items Nos. 24, Fig. 11. Only 
two distributions unbalanced forces are needed for its solution, since dis- 
tribution factors Joint are already known. equations used are all 
Fig. 11. 

interesting notice that only one distribution required for either 
Case Case since their 2-span values can written down directly 
comparison with Cases and Investigation all four cases thus requires 
less than twice the work one case. 

General Case Structure with Any Number Spans.—Example 
presents good illustration the use the method, not only for 4-span 
but also for series with any number spans. Probably, the best procedure 
divide the structure into two parts fixing joint the center (or 


ANALYSIS MULTIPLE ARCHES 


near the center for odd number spans), analyze each part separately, 
and then, having determined distribution factors for movement the tem- 
porarily fixed joint, distribute the unbalanced forces that joint. 

After the preliminary work calculating distribution factors, the neces- 
sary distributions for the load require relatively little time. designing 
multiple arch there are several cases loading under which the structure 
should investigated, and when using this method, the more cases are 
analyzed the less work the average involved each, has been already 
demonstrated connection with Example 

The method can also applied the construction influence lines. 
influence line for moment thrust any point can found the use 
Maxwell’s reciprocal theorem, deflection curve suitably deformed 
structure after the unbalanced terminal forces caused the deformation have 
been distributed the usual manner. This procedure cumbersome, because 
requires the translation moments into deflections. 

However, complete set influence lines all terminal forces (and this 
what generally required the final analysis the structure, influence 
lines are used all) can found comparatively easily, following closely the 
procedure Example placing unit load, successively, different points 
the arch. Example this method requires only twenty-seven distribu- 
tions construct influence lines for all ten terminal forces, having ordinates 
the tenth-points the spans. This amount work not unreasonable 
view the great number force functions. 

Alternative cases requiring large number distributions, 
change the procedure recommended which does away with the equations 
determining the necessary movements the joints. This modified procedure 
presented, applied Case under the sub-title, “Alternative Method,” 
Fig. 11. The idea replace the rotation and displacement factors with, 
what may termed, m-factors and h-factors. There are again four these 
factors each end each member: (1) The m-moment factor, mm; (2) the 
m-thrust factor, hm; (3) the h-moment factor, and (4) the 
factor, 

The first two are, respectively, the moment and the thrust that occur the 
end any member (as, for example, when the joint under consideration 
(say, acted upon moment 100, created some external 
agency. result this moment, Joint undergoes both rotation, and 
horizontal translation, the values which can found easily, and from 
these movements the moments and thrusts the ends all members (the 
m-factors) can Similarly, the h-factors are the moments and 
thrusts different terminals when the joint question acted upon 
thrust, 

The m-factors and h-factors for 2-span arch, ABC, with movement 
Joint are determined Items Nos. 38, Fig. 11, the use rotation 
and displacement factors Items Nos. and Equations necessary for 
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are follows: 


and, 


Forces caused these movements are added Item No. 37, Fig. 11, which 
thus presents the m-factors the 2-span arch, ABC. The h-factors, found 
similar manner, are recorded Item No. 38. Items Nos. and 
Fig. 11, contain the m-factors and h-factors for 4-span arch with motion 
the center joint, they are found following similar procedure. 

These four additional distributions involved determining m-factors and 
h-factors eliminate the equations when investigating the influence unbal- 
anced fixed-ended forces. Thus, the 2-span arch, ABC, under the loading 
Case (Items Nos. 48, Fig. 11), the influence the fixed-ended 
thrust, 4.482 kips, Joint found Item No. product this 
quantity and the corresponding h-factors, without resort equations. The 
same true with regard the unbalanced moment, 25.02 kip-ft. 


The following conclusions are advanced the value and limitations 
the method presented this paper: 


(1) With the exception evaluation distribution factors for single 
members (which not considered requisite part this analysis), the method 
does not involve mathematics higher than elementary algebra. 

(2) The idea behind the method simple, and the various steps the 
solution are quite easy visualize, especially when accompanied small 
supplementary diagrams. 

The nature the computations, involving multiplication string 
numbers single factor, makes the method particularly suitable for slide- 
rule work. (All computations Table and Fig. have been made with 
ordinary 10-in. slide-rule.) 

(4) The orderly tabulation diminishes possibility errors. 

(5) The algebraic sum the terminal forces for three members meeting 
joint must equal zero. This provides effective check the results, 
the only exception being the moments the abutments. fact, there 
little chance for mistake, after the fixed-ended forces and the single-span dis- 
tribution factors have been determined correctly. 

Perhaps the part the method most likely cause confusion the 
convention pertaining the meaning and signs distribution factors. 
The signs some the single-member distribution factors, when observed 
casually (see Items Nos. and Fig. 11), may seem quite odd. However, 
once the convention mastered, and one visualizes the movement the end 
the member relation its neutral point, good reason becomes apparent 
for each sign. 

(7) The examples solved have dealt with series equal symmetrical 
arches, but there change when individual arches are different but sym- 
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metrical. The method still applies asymmetrical arches, although Expres- 
sions (1) (14), for distribution factors, are longer valid. 

(8) Vertical settlement the joints due pier-shortening has been dis- 
regarded; not important, but can taken care independently after- 
ward, desired. With the exception this theoretical limitation, the method 
“exact” sense that not based assumptions other than the 
ordinary ones the theory elasticity. 

(9) While, perhaps, this method may prove more laborious than some others 
when investigating one load condition, the writer believes that time will 
saved when applying several load conditions, the construction 
influence lines. may mentioned this connection that casual inspec- 
tion Fig. likely convey exaggerated idea the labor involved 
the solution. The fact that many the values are merely copied from 
one column into another, and any one acquainted with the procedure will find 
simplifications and “short-cuts” that will lessen the work. 
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DISCUSSION 


the application the Cross method moment distribution the analy- 
sis multiple arches, contained this paper. The first was 
Professor Cross’ paper the “Analysis Continuous Frames Distributing 
Fixed-End Moments,” Donald Larson, Jun. Am. Soc. 
Hrennikoff’s presentation highly satisfactory and should read widely 
those who have become familiar with the Cross method. 

The extension the conception balancing moments and shears the 
complex problem the analysis series arches elastic piers has 
intrigued the interest numerous investigators. The writer made his own 
extension 1927 and has taught the theory multiple-arch analysis the 
general method successive corrections’ his graduate students since 
interesting that the general method successive corrections, devised 
apply any frame which joint translation occurs, becomes essentially 
the same the method described Mr. Hrennikoff when applied 
multiple-arch system. 

perhaps unfortunate that the author does not generalize his method 
attack and explain its wide application, for the reader more than likely 
gain the impression that the paper deals with group special devices, 
use only the analysis multiple arches. The simple explanation that 
follows makes the method generally applicable all multiple-bay multiple- 
story structures: 


joints fixed against both rotation and translation, determine 


‘the fixed-end moments and the reactions the ends each loaded span. 


2.—Balance moments with joints held against translation and determine the 
changes the restraining forces that exist the joints. 

3.—Eliminate all artificial joint forces permitting the joints translate 
without rotation under the action equal and opposite set forces. 
Determine the new set fixed-end moments introduced this translation. 

4.—Repeat Steps and many times necessary (seldom more than 
twice) reduce the unbalanced moments and artificial joint forces 
negligibly small factors. 


The importance placing emphasis upon these simple steps that they 
attach: physical significance the procedure which likely 
when use made table, such Fig. 11. The method 
cessive corrections can arranged into mechanical procedure, but 
doubtful whether any important advantage obtained. course, orderly 
arrangement calculations will reduce the labor analysis and the prob- 
ability error; but over-standardization will make any procedure highly 
mechanical that the various steps lose their physical significance and the 


Structural Eng., Agri. and Mech. Coll. Texas, College Station, Tex. 
Transactions, Am. Soc. E., Vol. (1932), 127. 
Loc. cit., 18: and Vol. (1934), 611. 
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method then likely become unintelligible most readers. The primary 
reason why the Cross method has become widely popular that each step 
the procedure has physical significance, and there reason why 
the general method successive corrections should not retain this important 
characteristic. 

The only difficulty experienced the writer’s students the use this 
method for continuous arch analysis has been regard the signs the 
thrusts the tops the piers. This difficulty largely eliminated the use 
arrows indicate the direction thrust, instead the conventional signs. 
The suggestion line with the desire maintain the greatest possible 
physical significance for each step the process. .The convention that 
positive bending moment the end member tends rotate the adjacent 
joint clockwise has been found most satisfactory. 

The detailed procedure which the constants for moment thrust dis- 
tribution are obtained, great importance. Mr. Hrennikoff seems 
prefer formularization means the neutral point conception, whereas the 
writer would commonly choose the simple direct application the column 
knowledge the column analogy for obtaining distribution 
and full understanding the four listed steps successive cor- 
rections make totally unnecessary the remembrance any special terminology 
special devices for the analysis continuous arch systems. 

The determination influence lines arches reasonably 
simple the shape the deflected load line corresponding the proper 
unit displacement found the aid the conjugate-beam theory. this 
case particularly convenient produce the proper unit distortions, suc- 
cessively, the use the column analogy. There particular reason 
for choosing between the determination influence lines for arch forces 
pier reactions. either case one must obtain three key influence lines for 
each span after which these may combined statics obtain any 
influence line desired. 

The writer hopeful that Mr. Hrennikoff’s paper may help convince 
designers that the proper analysis and design system continuous 
arches longer impossibly difficult task, or, for that matter, not even 
particularly tedious task. there real justification for 
neglecting the elastic properties pier when such neglect might conceivably 
endanger the structure. Much “water has passed under the bridge” the 
last few years regard the theory structures, and this paper clearly 
indicative the changes that are taking place. 


Jun. Am. Soc. (by letter)—A method 
analyzing multiple arches presented this paper which Mr. Hrennikoff 
states “is based the well-known principle moment distribution.” 
discussion similar that have appeared previous American 
literature may some interest. 


Column Analogy,” Hardy Cross, Am. Soc. Bulletin No. 215, Univ. 
Eng. Experiment Station, Urbana, 


Research Asst. Civ. Eng., Univ. Urbana, 
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appears that the author’s analysis multiple-span arches 
upon solution for the movements the pier tops due given 
These movements are then converted forces and moments the spans 
and piers. The method similar, therefore, the slope deflection 
Equations may written for the forces (moments, thrusts, and shears) 
the end member, either arched straight, terms the displacements 
that end, and the far end, the member.” Summing the forces 
joint (for all the members meeting that point) terms the 
ments and equating this sum the unbalanced force that joint yields 
group relations between the unbalanced forces and the joint displacements 
necessary balance these forces. These are the equations used Mr, 
Hrennikoff. When only two arch spans and pier are considered (the far 
ends the arch spans being fixed and vertical deflection the pier being 
neglected), there are only two degrees freedom movement the joint; 
hence, there are two unknowns and two equations solve. When the dis- 
placements are found, the forces may determined directly. When there 
are more spans, each equation will contain more unknowns, but the work 
solution may performed the manner indicated the author. 

The general case has been treated Mr. who solves the 
equations successive elimination the unknowns, which rather 
tedious process when the number unknowns large; but for some 
types structure, the coefficients the unknowns are such that 
accurate solution possible without unwarranted precision intermediate 
computations. 

Professor Cross has suggested that these equations may solved 
successive convergence successive unpublished 
thesis submitted the University partial fulfillment the 
requirements for the degree Master Science 1930, Larson, 
Jun. Am. Soc. E., solved the equations the manner suggested 
Professor Cross. 

Certain tricks facilitate the solution the equations, and the 
paper demonstrates some these tricks. 

The concept moment distribution and force distribution lends itself 
readily the solution this problem. The distribution moment 
given joint amounts allowing that joint rotate until the sum the 
moments the members meeting the joint equal the unbalanced 
moment that existed before rotation. Thus, the two-span, single-pier, arch 
system the unbalanced moment and the horizontal force the pier top, due 
any loading the arches piers, can distributed rotation and 
translation the pier top. will found, however, that general such 
rotation balancing the moment, will introduce unbalanced thrust 
the pier top. Furthermore, horizontal movement the top the pier 
balancing the thrust, will introduce unbalanced moment that point. 


for example, “The Column Hardy Cross, Am. Soc. 
Bulletin 215, 72, Eng. Experiment Station, Univ. Illinois, Urbana, 


Concrete Inst., Vol. XXIX, 1933, 14 


“Statically Indeterminate by Hardy Cross. pp. 115-118, 1926. 
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However, the joints may balanced successively convergence 
particular cases where convergence does obtain; for example, see the 
discussion Mr. Cross’ paper moment 
distribution. 

The foregoing explanation may extended, course, to. multiple- 
span structure and, terms the moment distribution concept, moments 
and thrusts may distributed all the joints and carried over; then 
each joint the thrust due the moment distribution and the moment due 
the thrust distribution are added the carry-over moments and thrusts 
obtain the new unbalanced moments and thrusts that joint. number 
cases, however, the unbalanced moments and thrusts are almost great 
the original forces, and convergence may very slow. possible 
obtain more rapid convergence use procedure such that given 
the author when movement the pier top found balance both moment 
and thrust the given joint. 

Mr. Hrennikoff does not use the procedure carry-over and redistribution, 
but prefers take into account the actual degree fixation the far end 
the members. However, for the example which gives, the convergence 
will rapid that scarcely necessary through the exact 
computations. Note that the author’s method two equations two 
unknowns must solved distribute the forces each joint. 

Professor Cross has moment-distribution procedure 
used for arches elastic piers which eliminates the solution simul- 
taneous equations. If, instead distributing moments and forces the 
joint, these are distributed point away from the joint located that 
unit rotation this point will produce unbalanced thrust the point 
and unit translation the point will produce unbalanced moment 
the point, then moments and forces can distributed directly. might 
noted that this equivalent solving the two equations two unknowns 
Mr. Hrennikoff’s method substituting for them two equations which 
contain one unknown each and hence may solved directly. Mr. Hren- 
equations might have been set terms the “neutral point” 
with this simplification. Note that the neutral point will change position 
the far ends the members are not considered fixed. Professor Cross 
proposes carrying over the changes thrust along certain thrust lines 
the different members shorten the computations, 

The essential difference, then, between Cross’ and that 
Mr. Hrennikoff the use the neutral point and successive con- 
vergence for solving the equations. 

The rapid convergence the Cross procedure surprising. The writer 
has had occasion use the analysis number three-span arches 


elastic piers. this problem, when the structure happened sym- 


Transactions, Am. Soc. Vol. (1982), 127. 
pp. 152-154. 


formulas for the location the neutral point and for the distribution and 
carry-over factors, well complete description the moment-distribution concept 
applied analysis, see “Continuous Frames Reinforced Concrete,” 

ardy Cross and Morgan, Members, Am. Soc. pp. 
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metrical, considerable simplification was possible; using the scheme 
symmetry and anti-symmetry carry-overs were necessary and all 
tions were made directly. 

gratifying note the distinction the author makes between analysis 
and design. far design concerned refinements analysis are not 
multiple-span structure, because the variation elastic properties 
the different spans and between different parts each span. Furthermore, the 
results are always complicated the effect the superstructure. The elastic 
constants for arch spans may modified much 100%, even 
more, the effect the deck. 

worse than futile compute influence lines for multiple-span 
neglecting the effect the deck. possible, course, compute such 
influence lines for total moment, thrust, shear section through both 
rib and deck when, some means other, fixed-end influence lines and 
constants for the composite structure are obtained. 


distribution has been applied the analysis multiple arches many 
ways, but the procedure suggested herein among the very 

would probably better use the “kip-inch” unit instead the “kip- 
foot” unit for the fixed-end moments. Not only will this eliminate much 
confusion and misunderstanding, but will enable the application the 
reciprocal check many the calculated values, For example, 
Fig. 11, Items Nos. and the column headed “B,”, applying that theorem, 


therefore, 0.574 4.78 100. The same true the column 
headed “B,”, and the column headed “Joint B”. 

For Items Nos. and 10, the column headed 3.85 
100. Furthermore, the column headed “Joint 16.26 1856 
For Items Nos. and 41, the column headed “Conditions”, due 
dently, when more joints are considered, more such checks will available. 


analyzing multiple elastic piers one which structural engineers 
are evidencing increasing interest and Mr. Hrennikoff’s paper, 
ing does novel and very direct method analysis, happily timed. 
The method presents nice blending two points view. Start- 
ing with the basic idea distribution factors and fixed-ended force functions 
finds, simple and original manner, the joint movements necessary for 
equilibrium and, from these movements, the force functions combined 
with the original ones order get the final values. 


Ministry Railways, Chinese National Govt., Nanking, China. 
Arch McCullough and Thayer, pp. 271 and 306. 
Asst, Prof. Civ. Eng., Univ. British Columbia, Vancouver, C., Canada. 
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Professor Cross has presented” most ingenious solution this problem, 
using his principle force distribution its most general form throughout. 
description this process will assistance appraising the value 
Mr. Hrennikoff’s solution. For convenience reference, the structure, 
symbolism, and sign conventions this discussion are the same those 
chosen Mr. Hrennikoff. 

unbalanced force functions (that is, thrust and moment) are distributed 
the usual manner many cycles will necessary before suitable balance 
obtained. This due, part, the fact that when, say, Joint 


Produced 


4g=0) Produced b: 
Hyand My B roduced by 


Hgand Mz 
12. Fic. 13. 


with adjacent joints locked, translated horizontally without permitting rota- 
tion (in order distribute horizontal thrusts), the thrusts and hra) 
produced each adjoining arch and the pier the moment, will produce 
general, unbalanced moment Joint other words during the 
translation the joint will have held against rotation. Similarly, when 
the joint rotated without permitting translation (as when distributing 
moments) the horizontal components and the thrusts produced 
each adjoining arch and the pier (Fig. 13) the movement will pro- 
duce, general, unbalanced thrust Joint other words, during 
the rotation the joint will have held against translation. 

The lines action and the magnitudes the forces shown Figs. 
and may found many ways. For convenience comparison with the 
author’s paper his ha-forces evidently act along the thrust lines Fig. 
and his evidently represent the horizontal components the forces 
acting along the thrust lines Fig. 13, each which passes through the 
neutral point its respective member. The thrust lines Fig. are best 
located perhaps finding their vertical distances from Points and 
facilitate comparison these distances, the author’s terminology, are, 


respectively, for arch, and 


Fa hye hre 

The foregoing comments have been intended emphasize two points: 
First, the nature the forces set each member the assembly 
each movement the joint; &nd, second, the annoying unbalancing one 
set force functions caused distributing the other set, which inevitably 
associated with any distribution force functions long such distribu- 
effected pure iranslation and pure rotation the joints 


for the pier. 


Transactions, Am. Soc. E., Vol. (1932), 152 and “Continuous 
Frames Reinforced Concrete,” Messrs. Cross and Morgan, 316 
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Such method distribution, course, will eventually produce soly- 
tion, and interesting example such solution has been presented 
Donald Larson, Jun. Am. Soc. E.” 

Professor Cross has discussed this difficulty slow convergence and has 
suggested how, large measure, may avoided. distributes forge 
functions pure translation and pure rotation point chosen that 
translates only under the action suitably directed force applied the 
point and rotates only under the action couple applied the point, 
well styles this point the neutral point the joint. all cases this 
point the vertical through the joint the pier incompressible. may 


defined general that point which the resultant the centroidal 


forces each member the assembly, accompanying pure translation the 
joint, intersects this vertical. Since force, such (Fig. 14), applied 


Neutral Point 
Joint 


Produced 


49=0) Produced by 


ao=l Mz 


Fic. 14. Fie. 15. 


this point causes only translation, the reciprocal theorem (of which that 
Maxwell special case) shows that couple, such M’, (Fig. 15), 
applied the same point will cause rotate only. 

will interesting note the lines action the forces produced 
each member the assembly pure rotation and pure translation 
such point. These lines are shown Figs. and 15. before, the 
magnitudes the various forces can found different ways. One way 
considering the deflection the neutral point each member accom- 
panying each specified movement the point, and from these known 
the forces accompanying them may computed. For purposes 
comparison may noted that the forces set the arches and pier 
Fig. are the same, course, those Fig. whereas, Fig. 
since the joint, has moved distance, the right and has rotated 
through unit angle, the forces set are those Fig. plus times 
those Fig. 12. These relations are special interest, course, except 
they afford convenient means, this specific example, checking 
numerical quantities used against those given the author. 

The distribution and carry-over factors may found from the forces 
shown Fig. and Fig. 15, but more convenient find them 
from consideration the forces produced each member the assembly 
unit force and unit couple, respectively, applied the point, For 
the structure under consideration these forces are shown Figs. and 1%. 


Transactions, Am. Soc. Vol. (1932), 127. 
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The magnitudes the horizontal components the thrusts are written 
their lines action. Since the sign conventions follow those the 
author the considered are those which the members exert their 
terminal points. directions are the right for thrust and clock- 
wise for moment. both diagrams, therefore, Arch A-B pulling the 
left Point and the right Point 


90475 
= Neutral Point 
+0.00958 
16. 17. 


Distribution factors Point for thrust are —5.95% for each arch 
and —88.1% for the pier. Carry-over factors for thrust are evidently equal 
the foregoing values and, for equilibrium, opposite sign. Distribution 
factors for moment Point are, evidently, —0.00479 (33.69) 100 
—16.1% for each arch and 0.00958 100 —67.8% for the pier. 
The carry-over factors for moment may obtained the same manner 
multiplying the thrust its appropriate lever arm, they may found 
from the distribution factors multiplying the appropriate ratio dis- 
tances. For example, the part any unbalanced moment Point that 
over the neutral point adjacent joint, such Point 


(30 22) 


per cent. The plus sign merely means that, this 


(33 .69) 
example, the carried-over thrust due rotation exerting clockwise 
moment the neutral point Joint Summarized briefly, the foregoing 
means that unbalanced force functions the neutral point any joint are 
distributed among the members such joint with signs opposite that 
the unbalanced force function while they are carried over the neutral 
points adjacent joints with signs the same that the original unbal- 
anced force function. 

should realized clearly that, when distributing unbalanced thrusts 
translating the neutral point, the distributed thrusts will cause unbal- 
anced moment the neutral point. This follows, course, from the defini- 
tion the neutral point, but clear physical picture this phenomenon 
can obtained realizing that the moments the arch and pier thrusts 
Fig. 14, Fig. must balance about the neutral point the joint. 
Similarly, when distributing moments rotation the neutral point, the dis- 
tributed moments the arches and pier will cause translation that 
point; that is, the horizontal components the thrusts the arches and 
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pier accompanying such distribution must total zero may seen Fig, 15, 
Fig. 17. This the central idea Professor Cross’ ingenious 
method distributing force functions. follows from this that, during 
the actual distributing, account need kept distributed functions but 
only those parts the unbalanced functions which are carried over 
the neutral points adjacent joints, since only these latter quantities 
that can unbalance any previously balanced neutral point. 

The writer cannot emphasize too strongly the need visualizing with the 
aid Figs. and just what happens when the force functions are 
tributed. When thrusts are distributed, the distributed thrusts act, 
been stated, along the lines action shown Fig. 16. When moments are 
distributed the distributed set thrusts which act along the lines 
action shown Fig. 17. these two physical aspects are clearly under- 
stood the method translating changes thrusts into changes moment, 
and vice versa, will obvious. 

Fig. contains the full solution all terminal forces for one load posi- 
tion. should noted that about one-half the tabular matter devoted 
the distribution proper, the remainder being given over the tiresome 
but necessary translation the various changes thrust into final thrusts 
and moments. This latter only simple arithmetic combined with the laws 
work that the distributed thrusts which, heretofore, have ignored, enter 
the calculations. Since these distributed thrusts are equal numerically and 
opposite sign their respective carried-over thrusts they may written 
inspection. The end arches and the piers need not appear the original 
distribution. This reduces the work materially but, course, eliminates any 
check the arithmetic statics. 

many loading conditions are investigated the part the work 
devoted distribution can reduced materially (as Professor Cross has 
demonstrated) first distributing unit horizontal force and unit couple 
each neutral point, beginning near the center the structure. this 
way set distribution factors built which eventually allows 
direct distribution any neutral point. this modification used will 
seen that Mr. Hrennikoff’s alternative method similar 
eral idea. 

The writer, familiar with both Mr. Hrennikoff’s and Professor Cross’ 
analysis this problem, inclined favor the former for other 


reason than that gives springing thrusts and moments directly without’ 


the arithmetic Lines Fig. 18. the other hand, with Mr. 
Hrennikoff’s method there are the equations solved, although with 
his alternative method the number these equations greatly reduced. 
Both methods course are powerful tools, each well adapted the task, and 
the writer, earnestly commends study both them those concerned 
with this type analysis. 
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his efforts simplify the solution one the widely discussed problems 
arising structural engineering. His method short and simple when 
the spans are all the same and symmetrical and the arch has been analyzed 
for fixed-end moments and thrusts; but when the fixed-end moments and 
thrusts are not given and the axis does not follow the axis given the 
Charles Whitney, Am. Soc. E., the method still quite long 
especially for the analysis three spans more. the latter case 
seems that simple algebraic solution developed Mr. least 
rapid, and the results will agree very closely since both methods are based 
the deflection curved beams. 

When applied the two-span arch, Example (which one the 
treated Mr. the results obtained the author’s method prac- 


Equa- Equa- 

tion Factor Value tion Factor Value 
No. No. 

(5) ™ na (13) Mya —0 04780 in-ft. 

(6) (13) 04780 in-ft. 
(16) hr, (19) hra —0 007493 in. 


tically agree with those Mr. Whitney. order demonstrate the sim- 
plicity and brevity the author’s method when the fixed-end moments and 
thrusts are given, and show how the results compare with other methods, 
seems desirable present the calculations detail for unit vertical 
load definite point. computations this discussion were made with 
20-in. slide-rule.) 

The values Table have been calculated using those given 
Mr. Whitney’s and substituting Equations (5) (20), inclusive, 
this paper. Table arranged manner similar Table the 
paper and gives the values for unit vertical load the 0.9th 
the two-span arch elastic pier given Example Mr. Whitney’s 
Moments are expressed foot-pounds and thrusts pounds. 
(For other values the two-span forces for unit vertical loads Points 
0.8 0.1, the author’s method, see Table 6.) 

The structure analyzed for unit vertical load the tenth points,” 
and assumed that the base the pier and the abutments are considered 
absolutely fixed. Tables and the sign conventions adopted the 
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author were used since they are very simple follow; but Table 
the Whitney sign convention was used. comparing values Table with 
what Mr. gives, seen that the two methods agree rather 
well, and for the two-span arch elastic pier the Hrennikoff method 
quick solution for the moments and thrusts. 


TABLE Moments anp Turusts, 
(Thrusts, are pounds; and moments, are foot-pounds) 


(Col- (Col- 


umns umns 
and (7)) (8)) 


(2) (3) (4) (5) (6) (9) 


reinforced concrete arches, with either fixed multiple spans 
elastic piers will used more the future, seems that some short exact 
analysis such that offered this paper should applied multiple 
arches. 


Hori- Moment Hori- Hori- 
sontal span, zontal zontal 
(1) (2) (3) (4) (1) (2) (3) (2) (3) (4) 


o 
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computing stresses system multiple-arch spans elastic pierg has 
been developed this paper. The table moments and thrusts Fig, 
useful guide the practical application the method. 

using the alternative method developed the author Fig. 11, time 
may saved releasing points starting from the end span 
This true especially reference series variable lengths arch 
spans. The advantage twofold: First, the error computing distribution 
factors for moments and thrusts may traced easily because the effect 
one additional span distribution factors more evident than the case 
series spans which the structure divided into two more 
series spans suggested the author; and, second, the step balancing 
distribution factors far spans may omitted because they are negligible 

Mr. Hrennikoff assumed that joints system multiple-arch spans 
not move vertically. the support compressible, forces the joint are 
balanced has rotated through angle, moved horizontally for 
distance, and vertically for distance, The angle rotation, and the 
horizontal and vertical displacements the joint may determined from 
Thus, 


and, 


which, the horizontal force and moment factors, respectively, 
corresponding vertical displacement joint; vertical force fac- 
tor with reference angle rotation; vertical force factor with 
reference horizontal displacement; vertical force factor with refer- 
ence vertical displacement; and the sum the fixed-end vertical 
forces joint from the given loading. 


Mr. Hrennikoff’s method may extended that stresses can com- 
puted system multiple-arch spans elastic piers with flexible tie-rods 


Assoc, Bridge Designing Engr., Div. Highways, State Dept. Public Works, 
Sacramento, Calif. 
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arches, such that Fig. 19. for computing stresses 
may written according Maxwell’s theorem: 


and, 
x; Aw + Xo Ass + Xe (Ass As) = oe 


which, stresses the tie-rods (subscripts indicate number 
the Am, Acs changes lengths spans the tie-rods the 
system (Fig. with tie-rods removed and loaded with the given loading) 
Au, Aw, Ais changes span lengths the tie-rods when the system arch 
spans sustaining unit force, acting along the axis the tie-rod 
the first span; An, changes span lengths the tie-rods when 
the system arch spans sustaining unit force, acting along the 
axis the tie-rod the second span; An, changes span lengths 
the tie-rods when the system arch spans sustaining unit force, 
acting along the axis the tie-rod the third span; and As, 
changes the lengths tie-rods corresponding unit load acting along 
the axis the tie. 


Stresses system multiple-arch spans elastic piers with removed 
ties (Fig. 19), sustaining external loading, unit forces acting along the 
axes the ties, may determined Mr. Hrennikoff’s method. The hori- 
zontal displacements tie-rods (Fig. 19) may determined either graphi- 
analytically. solving simultaneously, Equations (39) (41), 
stresses the tie-rods (Fig. 19), Xs, and are determined. Equations 
similar Equations (39) (41) may written for system with any 
number spans. 

Computation the stresses multiple-span arch elastic piers has 
been generally recognized involved problem, and simplifying the 
author deserves the highest credit. 


Then: 


cussers toward the method presented this paper, and their general agreement 
with the writer leave necessity for extensive closure. 

Professor Grinter and Mr. Newmark the writer extends his thanks for 
further elucidation the principles underlying the method and its rela- 
tion Professor Cross’ method moment distribution. Professor Grinter 
prefers solution the multiple-arch system Larson’s method successive 


approximations which the joints are allowed rotate and translate 
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succession, with the adjacent joints kept fixed temporarily. However, 
slow convergence the series which results from such procedure presents 
obstacle the successful application the method—a fact which 
mentioned the discussions Professor Finlay and Mr. Newmark. 

this objection that led Professor Cross devise his neutral-point 
method analyzing multiple arches, which the movements the pier 
head are replaced the movements the neutral point the joint, 
Although also deals with successive approximations this method free 
from the disadvantage slow convergence, and presents powerful tool 
multiple-arch analysis. very original and ingenious, but not simple 
appears the surface, and the brevity its presentation Professor 
Cross” requires novice considerable thinking before grasping its 
essence thoroughly. 

Undoubtedly, this feature has been hindrance assimilation this 
valuable method the profession, and the discussion Professor Finlay, 
popularizing Professor Cross’ analysis, most timely and appropriate, 
takes great pains explain the neutral-point method and improve the form 
computations. The writer agrees with Professor Finlay that proper 
form, such that Fig. 18, very necessary for orderly calculations 
the results, especially the method intended for use designing office. 

The same statement applies, course, the writer’s tabulation the 
solution for the four-span arch Fig. 11. rather peculiar notice 
this connection that Professor Grinter does not approve the table (Fig. 11), 
and believes that obscures the physical side the picture. This exactly 
the opposite the writer’s opinion, and the suggested form the table with 
small diagrams arches the left-hand side has been especially devised for 
the purpose clarifying the successive physical steps taken. This tabular 
form, therefore, integral and important part the method. 
tically self-explanatory the reader only keeps mind the following few 
simple facts: 


given multiple arch solved after considering arches fewer 
spans; 

2.—Each line contains moments and thrusts various terminals the 
structure drawn the diagram when the encircled joint undergoes rota- 
tion, horizontal displacement, the magnitude stated the column 
headed “Conditions” 

necessary movements are determined the solution two simul- 
taneous equations stated the right-hand side and representing the 
conditions equilibrium the joint; 

4.—The “joint distribution factors” utilized coefficients before and 

these equations are themselves determined along the same lines the 
earlier part the analysis (see the first ten lines Fig. 11.). 


The foregoing facts, well the supporting theory, seem quite simple 
the writer; but course realizes that the advantage familiarity may 
easily blind him the difficulties inherent his method. The judgment 
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disinterested engineers should more reliable from this point view; but 
most the discussions are disappointingly general nature, avoiding, for 
the most part, direct specific comments. 

Mr. Fischer the only discusser who made detailed study the writer’s 
method applied two-span arch. regretted that did not 
extend his thorough investigation the case the four-span arch which 
the advantages the method become more pronounced. two-span arch can 
analyzed quite easily even the otherwise cumbersome method developed 

Mr. Lin’s suggestion using kip-inch units for moments instead kip- 
feet units not without merit. inches and kips are used throughout for 
moments well for and the units distribution factors cannot 
error. However, Mr. Lin mistaken claiming that such choice 
units provides check the solution. The equality numerical values 
certain distribution factors, discovered him, follows from the identity 
general expressions from which these numerical values are determined, and, 
consequently, does not check anything. 

The problem analyzing multiple-arch system elastic piers with 
flexible tie-rods the arches, suggested Mr. Eremin, suits the writer’s 
method admirably. The tie-rods should treated separate members. 
Columns should added the computation table each joint for each tie- 
rod. The single-span, displacement, thrust factor for rod can expressed 
the formula: 


the sign being plus for the far end and minus for the near end. The three 
other distribution factors for the rod are each equal zero. The factors for 
the rods, course, are included with the others the calculation the joint 
distribution factors. Introduction tie-rods, therefore, does not increase 
the complexity the problem, and causes only slight increase the 
numerical work. The solution outlined Mr. Eremin, consisting remov- 
ing the restraints caused tie-rods, and equating the deformations the 
arches the changes length the tie-rods, very long, and has the disad- 
vantages other algebraic solutions based the so-called “first principles.” 

summarize the preceding discussion, the following methods have been 
proposed date for the solution open-rib multiple arches elastic piers: 
(1) The algebraic method involving number simultaneous equations for 
the determination the movements the pier-heads; (2) the Larson 
method; (3) the neutral-point method Professor Cross; and (4) the 
writer’s method. 

Method (1) generally long process. Method (2) quite satisfactory 
for two-span arches; but unwieldly for greater number spans, except 
when the piers are very rigid. With more than two spans the choice should 
between Methods (3) and (4), the data far available being insufficient 
enable one make final selection. 
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basis for the design steel columns offered this paper. The 
general imperfections represented assumed form initial curya- 
ture the axis the column, eccentricity the application the 
load; the loading first producing yielding the most stressed fibers, due 
the assumed curvature then used the criterion for the 
selection the working load. 

The proposed method applied pin-ended columns several 
conditions loading, design formulas being developed for each case, 
approximate solution made for the ease columns 
frame construction. 

The question shear built-up steel treated same 
basis and for the same conditions loading, formulas being developed for 
the design lacing. batten-bars such columns. 

The paper represents, somewhat condensed form, work done the 
preparing his thesis* entitled “Rational Design Steel Columns.” 


InTRODUCTION 


Since the time Euler, the question the resistance and stability 
compression members has been controversial. The inherent difficulty, with 
the column that slight imperfections have pronounced effect 


the Joint Meeting the Structural Division, Am. Soc. 
and Applied Mechanics Division, Am. Soc. Mech. Engrs., Chicago, June 29, and 
published December, 1934, Proceedings. 
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behavior under load. The chief factors that affect the behavior the column 
may listed, follows: (1) Imperfect elasticity the material; (2) initial 
the axis; (3) accidental eccentricity the application load; 
and (4) uncertainty conditions the ends the column. Theories that 
not take into account the extent the effect such are 
little practical value the designer. 

practice design columns empirical formulas. such formulas are 
backed considerable experience, and because they generally use liberal 
factor safety, they have proved satisfactory, most cases. The designer, 


however, has his disposal such variety formulas that widely 


results can obtained for the same column. Curves are showing 
the relation between the allowable average compressive stress and slender- 
ness ratio, prescribed for steel columns various building codes and 
specifications the United States. Taken altogether, such curves represent 
band across the range slenderness ratios fully 000 per in. wide. 
course, all justification, must admitted that they represent wide 
range conditions, and each them carries with number restrictions 
upon its use, that, finally, there not the utter state confusion that 
might apparent first glance. However, such collection curves far 
from representing any unified agreement regarding the strength steel com- 
pression members. 

Granting the sufficiency such empirical formulas for ordinary cases, 
seems desirable have more general theoretical basis for design, which 
will take into account far possible all necessary factors. rational 
formula has the advantage being consistent over much wider range 
conditions than the empirical formula. Furthermore, may show how 
Factors (1) (4) affect the strength the column, and thus the designer 
can make some saving material careful control workmanship 
material; again, experiments conducted the light some kind rational 
theory, even far from perfect, can yield far more valuable results than 
experiments conducted more less blindly. 


The symbols used throughout the paper are given the Appendix. 
effort has been made conform nearly practicable with the “Symbols 
for Mechanics, Structural Engineering, and Testing Materials” advanced 
the American Standards Association.‘ 


PART SOLID CROSS-SECTION 
ror 


Nature the typical stress-strain diagram for ordinary mild 
steel shown Fig. The curve has three significant points: (1) The pro- 
portional limit; (2) the and (3) the ultimate -One 


example, see Construction,” Manual the Am. Inst. Steel Construction, 
Edition, 1933, 
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these three points usually taken basis when considering allowable 
working stresses. 

one time working stresses used design were based the ultimate 
strength the material. This was illogical because, the same 
stresses were computed the assumption that Hooke’s law applied. such 
basis the designer had such factor safety against failure 
assumed. 

present, the yield point the steel quite generally recognized 
the limit usefulness. The deformation which takes place during yielding 
generally from ten fifteen times the elastic deformation the propor- 
tional limit. Such yielding, while not properly representing complete failure, 
results structural damage which cannot allowed ordinary structures, 

analyze structure, the ordinary equations elasticity based upon 
Hooke’s law can used, strictly speaking, only for stresses within the pro- 
portional limit. For stresses beyond this the true shape the stress-strain 
diagram (Fig. must taken into account, and the problem frequently 


Ultimate Strength 


2 
0 Values of Strain 0 Values of Strain 


GRAM FOR MILD 


becomes very complex. general, the effect slight deviation from 
straight line between the proportional limit and the yield point will small 
and can safely neglected. 

Assuming that the material perfectly elastic the yield point, and 
interpreting yielding failure, amounts assuming stress-strain diagram 
such that shown Fig. is, therefore, expedient and justifiable, 
every way, work with such ideal stress-strain curve, and this is_the 
usual practice. Furthermore, present-day practice select the allow- 
able for beams, subjected bending, the basis the load that first 
produces stress the extreme fibers equal the yield point, notwithstand- 
ing the fact that the beam will not collapse completely until all the inner 
fibers have begun yield until the extreme fibers have actually ruptured. 
well known that beam I-section much nearer complete collapse 
when the extreme fibers first begin yield than beam circular ree 
tangular cross-section. not usual practice structural design, however, 
take any account this reserve strength against complete collapse the 
the circular rectangular cross-section; but rather take the 
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ginning yielding the extreme fibers the criterion for design. other 
words, this kind structural damage interpreted failure. 

Thus, all difficulty with Factor (1) (imperfect elasticity the material) 
eliminated. will logical approach the problem column design 
the same way. establish the logic such treatment, will con- 
consider qualitatively the general behavior columns under load 
before going into more detail. 

Perfectly Straight, Loaded, Pin-Ended Steel the 
perfectly straight, pin-ended, steel column shown solid Fig. 3(a), slender, 
that the Euler load may reached before the fiber stresses become equal 
the proportional limit, the load-deflection diagram similar Curve 
OABC Fig. first, the load increases, there lateral deflec- 


Values of Ym 


Fic. 3.—BEHAVIOR OF AN INITIALLY STRAIGHT, AXIALLY 
COLUMN. 


tion. the Euler load, the column becomes elastically unstable and may 
have any small deflection. very slight increase load above the Euler 
value produces large lateral deflection. (For increase load above 
the Euler value the lateral deflection the center becomes the order 
the length the bar.) the load increases there finally comes 
point beyond which the load necessary maintain further deflection falls off 
rapidly. Before this occurs, however, the stresses the extreme fibers will 
have passed the yield point. Point corresponding the maximum load 
which the column can carry, represents the buckling load and slightly 
greater than the Euler load. 

the column short enough that the average compressive stress 
becomes equal the yield-point stress before the Euler load reached, the 
diagram will similar Curve ODF Fig. 3(b). 
The column remains straight for loads the maximum load Point 
which corresponds approximately the yield point, and then buckles sud- 
denly, the load necessary maintain any deflection falling off rapidly 
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the deflection increased. theory such inelastic buckling wag 

Initially Curved Eccentrically Loaded, Pin-Ended Steel 
When slender column initially curved, straight and 
loaded, represented Fig. 4(a) and Fig. 4(b), the load deflection diagram 
will similar Ourve OABC Fig. 4(c). For any value the load 
definite lateral deflection. This deflection increases very slowly 


the load approaches the Euler value, after which begins increase. rapidly 


some point, beyond which the load necessary maintain further 
falls off. Point corresponding the maximum load which the 
carry, represents the buckling load. Before this load reached the maximum 
fiber stresses will have passed the yield point. 


Values of Ym 
Fic. 4,—- BEHAVIOR OF AN INITIALLY CURVED oR ECCENTRICALLY 


the column short, the load-deflection diagram will similar 
ODF Fig. 4(c). increases slowly Point and the 
column buckles suddenly, the load necessary maintain further deflection 
falling off rapidly the deflection increased. The theory such inelastic 
buckling for initially curved eccentrically loaded steel columns was first 
developed Theodor von Am. Soe. E., 1910.° Professor 
yon also obtained such curves those Fig. 4(c), experimentally, 
and succeeded getting remarkable agreement with the theory. 

The determination the curves, shown Fig. 4(c), must take account 
the slenderness ratio the column, the shape the cross-section, the true 
characteristics the stress-strain diagram (Fig. 1), and the manner load- 
ing. The labor involved making these calculations great, and also 
definite stress-strain diagram must assumed. Since the variation the 


ung, Berlin, 1891. 


1927-28. 


| as 
D/A 


RATIONAL DESIGN STEEL COLUMNS 427 


yield point steel for various specimens probably much 10%, 
this limitation would not seem warrant such refinement calculating 
loads, for purposes design, has been outlined. 

Furthermore, due the sudden nature inelastic buckling, obvious 
that the fiber stresses have gone past the yield point before complete buckling 
oceurs. doubtful, therefore, whether the buckling load should used 
criterion for the design columns any more than the loads that 
complete collapse beam should used the criterion for the selection 
design loads. would seem more consistent design columns 
basis the loading that first produces extreme fiber stresses equal the 
yield point, done the case beams. 

Finally, the introduction initial curvature eccentricity load 
makes the column problem always one combined bending and direct stress. 
Consider, for example, the eccentrically loaded column shown Fig. 
the eccentricity, varies from zero infinity, the complete range from 
pure compression pure bending covered. Since most compression mem- 
bers structures are subjected bending well compression, seems 
desirable have one basis design consistent throughout this range. The 
loading first producing maximum fiber stress equal the yield point will 
furnish such basis. 

Basis for the foregoing discussion the following basis for 
the design pin-ended steel columns proposed: Take column with some 
definite initial curvature the axis eccentricity load represent the 
effect all imperfections, and then use the loading that first produces yield- 
ing the extreme fibers basis for the selection the working load, 
using any desired factor safety; that is, denotes the load that first 
produces yielding due assumed initial curvature the 
desired factor safety, then the allowable working load, ob- 
tained the formula: 


n 


REPRESENTED INITIAL CURVATURE 


The purpose studying the behavior initially curved bar under 
compressive loads will learn the possible accidental initial 
curvature the strength the column. Such accidental initial curvature 
the bar may almost any shape. given initial deflection the 
most scrious condition for the bar (as far bending stresses are concerned) 
will curve, such that all points the axis the bar are displaced 
the same side straight line through the ends. Various types curvature 
satisfying this condition are the are circle, parabola, half sine curve, 
ete. Since actual accidental initial curvature likely approximated 
one these curves another, seems logical assume the form that 
can most simply handled mathematically. For this reason the half wave 
sine curve will chosen. 
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Consider bar initially curved shown Fig. The maximum 
tion from straight line the center the bar and the initial deflection 
any other point distant, from the left end, will given the 
expression 


When such initially curved bar acted upon compressive end loads, 
shown, the bar assumes definite shape for each value the load. 


Values of Load, P 
Fic, 5.—INITIALLY CURVED PIN-ENDED 
SHIP BETWEEN LOAD 


Choosing the original co-ordinates the left end the bar, the general 
relation between curvature and bending moment any section will be, 


dz? 

Equation (3), course, holds only for fairly flat deflection curve; also 

based the assumption that Hooke’s law applies., The possibility buck- 

ling perpendicular the plane bending not considered. Substituting 


the value 
dz? 


from Equation (2) and letting the quantity, gives: 


dz? L? 

Equation (4) represents the differential equation the elastic line the 
bar and its solution is, 


2 
which, and are constants evaluated from the end conditions 
the bar. These constants will be: and sin From the 
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obviously holds significance. For the second condition, seen repre- 
sent the Euler load for the bar, which case the deflection becomes infinite. 
follows, then, that for finite deflections, must taken. Equation 
(5) then reduces to, 
2 
Equation (6) defines the axis the bar for any value the load between 
bar. Making Equation (6), gives, 
ral 
(3) 
The maximum fiber stress, the outside fiber, the concave side the 
bar will be, 
which, the section modulus the cross-section. Substituting the 
value into Equation (10) gives, 
(11) 


per unit area average compressive stress; and The use 
7 ( 
— 
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the core radius, makes possible simple interpretation Equation (11), 
short block compressed load, applied with eccentricity, 


the maximum compressive stress from Equation (10) becomes, 


the direct compressive stress. The term, 


Equation (11), 
1 

may now considered magnification factor which shows the effect, 
the bending stress, taking into account the deflections the bar. The 


ratio, will called the eccentricity ratio. Equation (11) gives the 


mum fiber stress for any given value the load, and any amount initial 

Making and, the same time, denoting the corresponding average 
compressive stress sy, Equation (11) may written: 


which gives the load per unit area first producing maximum fiber stress 
equal the yield point. 

values computed from Equation (11) are plotted against the load; 
curve such that shown Fig. obtained. seen from this 
curve that proportionality exists between load and maximum fiber stress. 
This means that merely assume safe working stress, say, one-half the 
yield point (Fig. 6), and use this Equation (11) compute the safe 
working load, not permissible. Any desired factor safety, however, may 
incorporated directly into Equation (11) follows: Assume that 
the allowable load and factor safety, such that the maximum stress 
becomes equal the yield point when the load becomes equal 
Equation (11), the load per unit area, replaced and, the 
same time, substituted for fm, Equation (11) becomes: 


(13) 


The value computed from Equation will always such that 
times this value will produce maximum fiber stress equal the yield point, 
and, hence, the desired factor safety realized. The appearance 
the magnification factor then takes care the lack proportionality between 
load and fiber stress. This manner incorporating factor safety, 
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formulas similar Equation (13), was proposed who also 
calculated tables allowable average stresses for various kinds combined 
bending and compression bars. 

may also plotted from Equation (12) for any given value 


and various values the eccentricity ratio, These curves will show the 


which yielding will first begin. Any desired factor safety, may also 
obtained simply dividing the value sy, read from the curve, the de- 
sired factor safety. Such set curves for steel having yield point 


36000 per in., and values ranging from 1.0, shown 


Fig. 
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COLUMN. 

will interesting compare the values the average compressive 
stress that first produce yielding with that cause buckling (complete 
failure) the column, discussed Section Fig. this comparison 
made for the same steel, having yield point per in., pro- 
portional limit 30000 per in., and values the eccentricity ratio 
ranging from 0.0 0.9. The curves for buckling apply only for columns 
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rectangular cross-section. For columns I-section, the difference between 
corresponding curves will less. The solid line curves show the value 
average compressive stress which yielding first begins, whereas the broken 
lines represent complete buckling. will seen from study these curves 


that for large values (more bending proportion direct stress), the 


buckling load considerably greater for medium long columns than the yield- 
point load. decreases, the difference between corresponding curves 
becomes less. For values less than about 0.1, Equation (12) gives 


values the load greater than the buckling load. This discrepancy the 
side danger, for nearly perfect columns, consequence, since 


> 


120 
of Slenderness nate 
8.— COMPARISON BETWEEN LOAD AND COMPLETE BUCKLING 
INITIALLY 


the practical design columns allowance will have made for values 
greater than 0.1. general, may stated that the difference be- 


tween the yield-point load and the load for complete collapse always less 
for columns than for beams. 

Design column the trial and error method may now made readily 
the use the curves Fig. The only factor difficult decide upon 
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the proper value the eccentricity ratio, used. has been 


that the effect any small accidentai eccentricity load the 
column can represented some definite curvature the axis. All imper- 
fections the column are then representable some “equivalent curvature.” 
Deviation from straight line, the axis the column, due accidental 
crookedness undoubtedly increases with the length the column. seems 
logical, therefore, that the eccentricity ratio selected take care such 
imperfections should some function the length. The proper function 
can determined only the basis carefully conducted tests. Professor 
working backward from test find the amount 
curvature which must have been present, found values ranging 


from 


400 000 
ance for the effect imperfections. has made study this 
question and, the basis tests made number experimenters, 


750 
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Fic. CURVES FoR PIN-ENDED 


From the curves possible derive single curve for any 
given relation between and For steel having 000 per in., 


Salmon, Oxford Technical Publication, 152. 
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and and four such curves are shown Fig. for 
400 000 


columns rectangular and for columns having 
I-sections; that is, having all the material concentrated the 
gyration from the axis. Granting that column I-section not 
have any more initial crookedness than one rectangular cross-section 
the same length, seen that the I-section more efficient 


For the two curves Fig. plotted with factor safety, 


2.25, are shown Fig. comparison with standard American 
cations for column design approved the the American Railway 
Engineering and the City Boston, Mass.* (The value, 2.95, 
selected make the result comparable with the usual standard formulas 
based working stress 000 per in.) 


16 


12 American Society of 
Civil Engineers 
American Railway 

Engineers Association 


Values of 8,,, in Kips per Sq In. 


0 40 60 80 100 120 140 160 180 200 220 240 
Values of Slenderness Ratio, + 


The effect slight imperfections straightness the axis and central 
application load, has been studied Section the basis some definite 
amount “equivalent curvature.” ‘These imperfections can also repre- 
sented some “equivalent eccentricity” load straight column with 
given amount eccentricity, The most serious condition direct and 
bending stresses) will obtained when the eccentricities are the same 


240 
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side shown Fig. 4(b). For any value the load, the bar assumes 
definite shape and the maximum fiber stress, which occurs the mid-cross- 
section, given the well-known secant formula which may written 


the form: 


When the maximum fiber stress taken equal the yield point, Equation 
(14) may written, 


the same manner any desired factor safety, can 
incorporated Equation (14) giving: 


eee ree ee (16) 


Curves, almost identical with those plotted from Equation (12) (Fig. 7), 
may plotted from Equation (15). 

Due the transcendental function which appears Equation (15), 
not readily solved Equation (12). Approximations Equation (15) 
have been suggested, which eliminate the secant function, but this simply 
reduces the same form Equation (12), which just another way 
stating that the effects eccentricity and initial curvature the strength 


column are approximately the same. Since the imperfections which 


represented the eccentricity ratio, are highly indeterminate 


nature, there particular reason for representing them “equivalent ec- 


when they can equally well represented “equivalent 
curvature.” 


The General Eccentricity Formula—The secant formula, discussed 
Section reality only special case eccentric loading which the 
are equal and the same side axis (Fig. 4(b)). gen- 
eral, column may loaded eccentrically, represented Fig. 
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the diagram the eccentricity, the left end understood the larger 
the two and considered positive, while the smaller eccentricity, 
the opposite side. 

analysis this case shows.that long the load less than cer- 
tain value, which will denoted the maximum bending moment, and 
consequently, the maximum fiber stress, occurs the left end and simply 
obtained from the equation (for 


The value given the equation: 


function for various values can drawn similar those 


shown broken lines Fig. 12, which are for 0.5 anda 


a 
2 
x 
> 
<= 
“ 
© 
2 
> 


TRICALLY LOADED COLUMN 0.5; (b) 1.0. 


the case 1.0 (Fig. 12(b)), this curve coincides with the Euler 
curve. 


From Equation (17), may written (for 


which serves basis for design loads, long gives value for the 


18) 


ose 
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average compressive stress less than the value given Equation (18). Look- 
ing this limiting case another way, making Equation (18) 


Equation (19) and solving for the corresponding value 


Thus, long the slenderness ratio the column less than the value 
determined Equation (20), Equation (19) may used basis for 
design. seen that, especially for negative values (bending 


gives: 


reverse curve), the within which Equation (19) may used, 


very large. 

This much the analysis, for loading represented Fig. 11, was 
presented Ross, 1927, who applied the case secondary 
stresses truss 

Referring again Fig. 11: When the load, reaches value greater than 
the section maximum bending moment, and, consequently, maximum 
fiber stress, occurs some intermediate point along the column. result 
this fact the maximum stress now function the deflection the 
axis, and Equation (17) longer valid. analysis this leads 


fy, and denoting the corresponding value average compressive stress 


which serves basis for design loads for all cases which Equation (19) 
cannot apply. will seen that when (equal eccentricities the 
same side), Equation (22) will reduce Equation (15). 


For various values curves may plotted from Equations (19) 


and (22), which will show the average compressive stress, which yielding 
first begins, function the slenderness ratio the column. For steel 
acteristic curves are shown Fig. 12. 


Eccentricities Due Secondary ‘Stresses,” Ross, Transactions, 
nst..of Engrs. Vol. VIII (1927), 


the writer’s paper entitled, “Stresses Eccentrically Loaded Steel Columns,” 


International for Bridge and Structural Eng., Vol. Zurich, 1932, 
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For practical purposes, set these curves for values progressing 
intervals 0.25, between the values 1.0 and 1.0, can drawn the 
suecessive solution Equations (19) and (22). Results for intermediate 
values can then interpolated from these curves. 

Allowance for the usual imperfections may made this case the 
use “equivalent eccentricity” rather than “equivalent curvature.” These 
accidental factors may occur any form, and, therefore, the “equivalent 
eccentricity” should chosen the same direction each end, since this 


the most serious type. Using value of, say, this “equivalent 


eccentricity” can determined for any given column. Superposing this 
value each end the actual eccentricities, and will simply give 
modified values, and used determining This modified value 
will then used selecting the yield-point load from the such 
those Fig. 12. The design load obtained dividing desired 
factor safety. 

Columns Rigid Frame —One the important 
column action the structural engineer occurs rigid 
tion, examples which are shown Fig. 13. Due the action 


other members meeting joint, such column acts intermediately between 
pin-ended and completely fixed-ended conditions. The determination the 
actual condition requires the use theory the stability system com- 
pressed bars. Such theory has been developed Mises and 
Their treatment, however, based the assumption that the material always 
behaves elastically and does not determine the stresses that may arise, but 
rather considers only the problem the elastic stability such system. 
Furthermore, its application any system except the simplest becomes 
extremely laborious. 

Since most compression members encountered structural engineering are 
comparatively short, the maximum fiber stress usually the governing factor 
design rather than the elastic stability. order determine the stress 


schrift angew. Math. Mech. (1923), pp. also, “Die Knicksicher- 
Math. Mech., Vol. (1925), 218, and Vol. (1926), 181. 
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that may column truss, consider the member, shown 
Fig. addition the axial compressive force, there will 
secondary end moments, and M,, arising due the elastic action the 
other members. 

analysis the maximum bending moment that may occur due this 
loading, can made exactly the same manner the case the type 
loading represented Fig. 11. The resulting equations for maximum 
bending moment will be: 


and, 


Using Manderla’s exact method for secondary end moments, 
which well known, the values and can expressed terms 
the axial force, for any given truss. this way the loading that may 
first produce maximum fiber stress equal the yield point the material 
can established. The writer has made such calculations for several simple 
but the labor involved considerable even for two-member and three- 
member frames. 

the usual practice, computing secondary end moments, neglect 
the effect the axial load, the lateral deflections produced the bar. 
generally indicated thgt truss members are usually such proportion 
that the effect the axial force, modifying the secondary end moments, 
seldom more than and usually much view this fact, the 
excessive labor involved using Manderla’s exact method con- 
sidered justifiable. 

Neglecting the effect the axial force, the deflections com- 
puting the values secondary moments) amounts, however, that 
these moments increase direct proportion the axial force, that is, 
making this approximation, the effect the secondary end moments Fig. 
may represented the type loading shown Fig. 11, which, 
those presented Fig. 12. 


Indeterminate Stresses,” John Parcel and George Maney, Mem- 
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The procedure will follows: From the usual approximate method 
calculating secondary end moments, the values and for each mem- 
ber are determined. Dividing each the axial force, the values and 
are obtained. make allowance for the effect initial curvature and im- 
perfections general these values should modified, discussed previously, 


before computing used selecting the average compressive 


stress, sy, from the curves (Fig. 12). 

the case slender members this method procedure will result some 
error (on the side safety, however). was mentioned previously, Ross 
proposed this same method procedure for the design compression mem- 
all types and found that the great majority cases the secondary end 
moments gave values such that the member came within the range 
Equation (19) rather than Equation (22). Stated another way, the slender- 
ress ratio the member was usually less than the value given Equation 
(20). all such cases, course, the use the curves (Fig. 12) represents 
error all. practical cases, when the slenderness ratio not less 
than the value determined Equation (20), the error involved will usually 
small and certainly the side safety. 


PART STEEL COLUMNS 


used engineering structures, are frequently 
made channels laced together lattice-bars batten-plates, shown 
Fig. 14. When such column deflects laterally under load the cross-sections 


Fig, Fic. INITIAL IMPERFECTIONS. 
COLUMNS. 

the bar are longer perpendicular the end loads, and shearing forces 

are introduced. the case column having solid cross-section, the effect 

such shearing forces negligible, but the case built-up columns, the 

effect the additional distortion due shear must taken into account. 
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analysis“ built-up columns shows that the critical load which 
elastic instability occurs can represented the Euler equation terms 
fictitious column having length, L’, thus: 

(26) 


For the lattice-bar column (Fig. 14(a)), the fictitious length given the 


equation 


which, the true length the column; the angle between batten- 
bar and diagonal; cross-sectional area two diagonal bars; cross- 
sectional area two batten-bars; unsupported length channels; and, 
distance between gravity axes channels. For the batten-plate column 
(Fig. (b)), the fictitious length given the equation: 


which, distance center center batten-plates; distance between 


gravity axes channels; moment inertia one channel about 
its gravity axis; moment inertia two batten-plates, with respect 
gravity axis bending; cross-sectional area two batten-plates; 


coefficient 1.2 for rectangular batten-plates; and shearing 
modulus for the battens. 

The derivation, upon which these fictitious lengths are based, assumes 
infinitely large number panels. Practically, however, their use will give 
good results for very limited number panels. The specifications the 
American Railway Engineering Association require that the slenderness ratio 


the unsupported length shall not greater than 40. 
From series tests made batten-plate columns, concluded that 
Equation (26) gave results good agreement with the tests for spacings 
batten-plates considerably greater than the foregoing requirement. 
built-up steel column may designed basis the yield-point load 


-curve Fig. using the fictitious 


obtained from the upper 


length, determined from Equation (27) Equation (28), instead the 
true length. course, the use this curve, which the initial curvature 
represent the effect imperfections has been taken function 
the length, will amount assuming the imperfections function the 


fictitious rather than the true length. This will only result giving slight 


Materials,” Timoshenko, Pt. (Van Nostrand), 592. 


mit doppelteiligen Rahmenstaben,” von Kayser, Bautechnik, 
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additional factor safety which probably not out order for 
columns. 

Effect Imperfections Shearing present-day practice 
design the lacing batten-bars, empirically, resist possible shearing 
For example, the A.R.E.A. Specifications require that the lacing-bars 
shall designed resist shearing forces not less than 0.025 times the total 
compressive force the column. 

discussing the design lattice-bars and battens resist shear- 
ing forces, seems logical proceed before and assume, basis 
computation, imperfection the form initial curvature eccentricity 
load. When this has been selected, will possible evaluate the 
maximum shearing force that arises for any value the compressive load, 
This maximum shearing force will then calculated for the value the load, 
P,, which first causes yielding the extreme fibers. The shearing force thus 
will used basis for design. this way the strength the 
column shear will consistent with its strength bending and thrust. 

The imperfections should now taken the most serious form, far 
shearing forces are concerned. such initial imperfections are 
represented Fig. 15. Further consideration some these initial condi- 
tions represent imperfection can ruled out. 

First, consider the imperfections represented the half wave sine 
curve shown Case Fig. 15(a). For any value the load, there 
will definite value the angle, the end, and the maximum shearing 
force occurring here will be, sin the second case, when the initial 
curvature taken full sine curve (S-shaped), will logical 


the same function instead and each half the column will 


identical with the previous case. However, since the column will buckle 
one wave (regardless its initial shape) the Euler load for the length, 
this case can never give rise great shearing forces Case 
likewise, will never serious Case because, the load producing 
failure, the maximum bending moment the center must approximately 
the same for each case. Case this moment while, 
e); hence, (and, consequently, the end) will always less 
for the eccentrically loaded column. less, the shear, sin will 
less. 


Case only, then, needs further consideration. When the eccentricities 
are chosen opposite sides the axis, definite horizontal reactions, 


arise the ends. Remembering that will small angle, seen from 
Case Fig. 15, that the shearing force will maximum the center 


cross-section and equal sin possible that this condition 


q 
OO 
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may introduce greater shearing forces than will initial curvature. Cases 
and Fig. 15, will now considered more detail. 


Considering Case Fig. 15, the equation the elastic line represented 
Equation (6). Taking the first derivative this equation with respect 
will give the slope any cross-section as, 


This will maximum the end, where and hence, 


written, 


Since the maximum shearing force sin tan (for small 
angles), Equation (31) may written: 


For any given slenderness ratio, the value which yielding first 


begins, given Equation (12). For fixed value this formula 


may considered representing the relation between the average compres- 
sive stress, sy, for yielding, and the amount initial curvature represented 
Solving Equation (12) for and substituting the value obtained into 
Equation (32) gives, 


Equation (33) gives the maximum value the average shearing stress which 
the details are called upon resist when the column its yield-point load, 
and, consequently, represents the desired basis for design. 


When fy, and Equation (33) seen become indeterminate. 


evaluate for this case, Equation (32) may made equal the 


“up 
ing 
ars 
ar- 
ity 
the 
ad, 
the 
ire 
di- 
re 
ng 
ial 
ne | 
: 
er 
— 


444 RATIONAL DESIGN STEEL COLUMNS 


chosen ratio (for example, for which Equation (32) becomes, 


400 

interesting note this connection that while the effects initia] 
curvature and eccentricity load the bending stresses are approximately 
the same, this not the case with regard shearing stresses. curva- 
ture considerably more serious for shear, due the fact that begin with 
there some definite slope the end, while the straight bar, eccentrically 
loaded, this slope the end must built the load. 


700 


of Ratio, £ 


Fic. STRESS VARIOUS IMPERFECTIONS. 


may computed from Equation (33) for various values and any 
given ratio this manner, curves may plotted showing how the 
maximum average shearing stress, vy, varies with the slenderness ratio, 
for any given ratio Such curves are shown Fig. for 


400 
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From examination these curves seen that the maximum shear 
for columns having slenderness ratio about 130, which greater 
than the usual allowance for slenderness made specifications. For columns 
the usual proportions the maximum average shearing stress varies from 
about 300 550 per in. the case the more severe allowance for 
imperfections. Fig. 16, for purposes comparison, curve shown which 
represents the A.R.E.A. Specifications 1925 and curve representing 
older A.R.E.A. Specification. might judged that the new specification 
was unsafe for slender columns, but must remembered that this same 
specification limits the slenderness ratio main compression members 100 
less. 


Considering imperfections represented the form eccentricity load, 
shown Fig. (d) and proceeding the same manner the previous 
ease (Section 6), the maximum angle, the middle cross-section given 
the equation: 


The maximum shearing force the middle cross-section is, 


Remembering that, for small angles, tan sin and substituting Equation 
(35), Equation (36) becomes, 


which gives the maximum shearing force for any value the load. 


interesting note connection with Equation (37) that 


represents the shearing force all cross-sections deformation the bar 


neglected. Assuming that very small, the term the brackets 


Equation (37) becomes equal However, the load, increased, 
this factor increases until when reaches the Euler value becomes equal 
That is, for slender columns, where the load may reach the Euler value 
before the maximum fiber stress reaches the yield point, the shearing force 
may become 57% greater than the value that would obtained neglecting 
deformations. 
Considering Equation (37) again, and dividing both sides will give: 


(34) 
tial 
tely 
sin 
sin 
sin 
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this case where the effect imperfections being represented: the 
particular type eccentricity represented Fig. 15(d), will more 
length, since for short column there just much chance for: 
eccentricity load for long one. 

For this case, —1, and the which yielding 
given Equation (19). Solving Equation (19) for the eccentricity, and 
substituting the value obtained into Equation (88) gives, 


Comparing Equation (39) with Equation (33), seen that for slender 
columns they give about the same result. However, for short columns, Equa- 
tion (89) may give considerably higher values for the average shearing stress, 

Fig. are shown four curves plotted from Equation (39), assuming 


extreme I-section r), for eccentricity ratios, 0.2, 0.4, and 


0.6. From general study all the curves Fig. 16, constant allowance 


for shearing stresses 600 per in., accordance with the old A.R.E.A. 
Specifications, would seem justifiable. 


Shear Stress Yield-Point examination the curves 
Fig. for equal eccentricities opposite sides the axis, seen that, 
for short columns, the shear arising such loading may considerable. 
the case short stocky members rigid frame construction, where large 
secondary end moments may arise, seems advisable know something about 
the possible extent such shearing forces. The brief made herein 
for the equivalent case eccentric loading, considered Section 


the pin-ended column with eccentrically applied end loads, 
shown 17. The eccentricity, taken the larger that Fig. 


Columns,” for Bridge and Structural Eng., Vol. 
Zurich, 1934, 480. 
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cedure the slope the elastic line any point, distant from the left end, 
found be: 


dy cos gz cos gz 


(Fig. 17(a)) the maximum shearing force will occur the end 
the column where and will be: 


For (Fig. 17(b)), the maximum shearing force will occur the 
point some place within the column and will be, 


L +P[2] 


Substituting the values into Equations (41) and 


(42), respectively, and dividing through gives: 
For 


For any given value the average shearing stress may computed from 
Equation (43), Equation (44), for any values and 

desired evaluate this average shearing stress for the particular 
load that first produces yielding the extreme fibers. The corresponding 
values are given Equations (19) and (22), Section Solving 
these formulas for and substituting the values obtained into Equations (43) 
and (44) gives: 
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Assuming extreme I-section r), and steel for which 
per in, curves similar Fig. may plotted from Equation (45), 


1400 


20 40 = 80 120 180 86200 


Fic, SHEAR STRESS ECCENTRIC LOADING: 0.5; 


showing function the slenderness ratio for various values 
and Such curves may reasonably used basis for the design 


lacing batten-bars the case short compression members rigid frame 
construction, using the secondary end moments, calculated the usual 
approximate manner, determine values and 

Absolute Maximum Shear Stress—From Equation (43) and (44), 
evident that, for given slenderness ratio, there will particular combina- 
tion load and eccentricity (to produce yielding) for which the average 
shearing stress will absolute maximum. Since the eccentricity, has 
already been expressed terms the load Equation (45), this equation 
may now differentiated with respect and the derivative set equal 
zero, determine criterion for absolute maximum shear. This pro- 
cedure yields the following criteria for determining 


RATIONAL DESIGN STEEL COLUMNS 449 


(52) 


Equations (50) (53) may solved graphically and the resulting criteria 
for absolute maximum shear shown dotted curves such those Fig. 12. 

When the criteria call for (Fig. 12) this must interpreted 
meaning infinitely small axial force infinitely large eccentricity. 
other words, for short columns, bending reverse couples the ends 
the worst possible type loading for shearing stresses. interesting 
note that for the particular steel chosen (f, 36000 per in.), these 


This means that the case 


slender columns the worst possible type loading for shear axial 
load without any eccentricity. For the intermediate columns the criteria 
require some combination thrust and bending produce the worst con- 
ditions for shear. 

Using the values from these curves Equation (45), the curves 
absolute maximum shear for the various values considered, have been 
plotted Fig. 18. each diagram, this curve absolute maximum shear 
stress shown the dotted line. 

The absolute maximum shear runs fairly high, especially for negative 
values Therefore, the case short compression members rigid 
frames, would seem more advisable use the actual values and ob- 
tained secondary stress calculations determining the shear stress, than 
try make some blanket allowance for all cases. The usual additional 
allowance for the effect imperfections should made the same manner 
outlined Section this case, however, eccentricities opposite sides 
the axis represent imperfections would superposed the actual ec- 
centricities, and give the modified values used determining 


curves intersect the Euler curve 
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mended that, basis calculation, some imperfection the form 
initial curvature eccentricity load taken, and then that the working 
load selected basis the load first producing yielding the extreme 
fibers due the assumed form imperfection. 

For pin-ended columns the final proposal for basis design repre- 


sented the curves for Fig. For columns rigid frame 


construction, which secondary end moments arise due the rigidity 
the joints, proposed use set curves such those 
Fig. basis design, which the values and will deter- 
mined the usual approximate method calculating secondary stresses, 

For pin-ended columns, which are built with lacing battens, 
average shearing stress 600 per in. proposed basis for the 
design the lacing battens. 

For built-up columns rigid frame construction, proposed use 
curves such those presented Fig. 18, basis for the design 
lacing and battens, which the values and will found from the 
secondary stress calculations. 


APPENDIX 


The following symbols conform nearly practicable with the “Symbols 
for Mechanics, Structural Engineering, and Testing Materials”, advanced 
the American Standards Some the symbols not appear 
the paper, but are included herein, matter information: 

distance, center center, column stiffeners (batten-plates 


lattice-bars); also, unsupported length channels. 


denotes 

distance from neutral axis extreme subscript, 
denotes “critical”. 

depth; subscript, denotes “diagonal bars”. 

initial eccentricity load; subscript, denotes “Euler”. 

unit stress; yield-point stress. 

Poisson’s ratio; subscript, denotes “maximum”. 

qd = 


certain value”, 
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$s = — = average compressive stress on the column ; 8y = average 
A 


compressive stress which yielding the extreme fibers 


first begins; allowable working stress; 


stress corresponding the Euler load; and certain 


value 

thickness. 

average shearing stress, average shearing stress when 
Load its yield-point value. 

load per unit distance; subscript, denotes “working load”. 

deflection column, distant from one end; initial 
deflection deflected column; subscript, denotes 
“yield point”. 

area; cross-sectional area two diagonal bars; 
cross-sectional area two batten-bars. 

constant evaluated from the end conditions bar. 

numerical factor (Equation (45)). 

shearing modulus for 

rectangular moment inertia with respect gravity axis 
bending; for one channel, about its gravity axis; 
two batten-plates with respect gravity axis 
bending. 

coefficient 1.2 for rectangular batten-plates. 

bending moment; and secondary end moments. 

compressive axial load column; the Euler load for 

2 

column; load that first produces yielding, due ec- 
centricity; allowable working load. 

section modulus. 

total shear force any cross-section. 

total load. 

ratio, 

maximum deflection initially curved column. 

angle (Fig. 16). 

angle between batten-bar and diagonal bar. 
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DISCUSSION 


compression members which would fail buckling, they failed, 
admittedly the element structural design least satisfactory handle, 
any paper that again brings the attention engineers the 
ficulties involved worth while. 

Mr. Young does well call attention the collection column curves 
the Manual,’ for hardly better exhibit exists showing the 
(unavoidable) uncertainty engineers concerning the strength 
used ordinary structures. The very existence such large “factor 
uncertainty” among qualified engineers calls for the assumption cor- 
respondingly large factor safety. 

well known that the strength medium-long columns affected 
markedly small eccentricities initial curvatures. Young con- 
cerned chiefly with such accidental departures from ideal conditions, and 
proposes, has been done time and again, assume values for these 
quantities, which are quite unknown actual structure, and then design 
the basis maximum fiber stress. This procedure, has also been pointed 
out before, merely method applying variable factor safety. 
not very good method because results excessive safety for short 
columns, Fig. indicates, and makes the H-section appear stronger than 
the rectangular section, Figs. and indicate, whereas the H-section 
actually the weakest all symmetrical inherently safest 
columns far the effects accidental departures from conditions 
are concerned are, the one hand, very short columns which, failure 
occurs, the material itself fails, and buckling plays part, and, the other 
hand, very long columns which, they fail, fail pure buckling, and 
which high strength the material consequence. 

cannot emphasized too strongly that the strengths columns, ex- 
cept very short ones, not depend any one particular stress, such 
the yield point, any other. The strength depends the compressive stress- 
strain diagram the double-modulus theory column action shows. 

Mr. Young speaks the proportional limit the same breath 
yield point and ultimate strength, yet while the last two stresses are readily, 
and fairly definitely, determinable, the proportional limit may obtained 
any stress from almost zero nearly the yield point, depending who 
does and how does it. For practical purposes the design columns 
the highest stress for which Euler’s formula applies may considered the 
proportional limit. This stress will well above proportional limit care- 
fully determined from difference curve but also well below the yield point 
most structural steels. entirely unjustifiable, therefore, assume 
the ideal stress-strain diagram Fig. explaining the behavior columns, 


except possibly large values the eccentricity ratio. The whole problem 


Materials Testing Engr., National Bureau Standards, Washington, 
Engineering, March, 1935, 173. 
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column action indeed simplified the assumption such diagram; 
fact, there little left, for precisely the range stresses between 
the highest stress for which Euler’s formula applicable and the yield point 
that the action columns most erratic. 


developed Section determine the maximum stress cases 
loading are not convenient for practical use the equivalent ones that 
derived from the same basic theory. the case member with 
axial compression and end moments, but transverse load, the distance, 
from the left end the span the point maximum moment given 
the formula” (using the author’s notation) 


Equation (54) gives the location which the slope the moment curve 
and tan negative, this point will off the span, and 
the true maximum moment will that the left support. tan 
positive, the maximum moment will the span, and its magnitude will be: 


tan 


practice, quite easy apply the criterion the sign tan 
use Equation (18) Equation (24). then found that the 
maximum moment the span, easier find the secant cosine 
angle, the tangent which known, than compute the quantity, 
which appears Equations (21) and (25). this line attack followed, 
Equation (25) would superseded by, 


COS 
and Equation (22) by, 
cos 
The forms with the cosine are usually more convenient than those with the 
secant because tables the former function are more common, the cosine, 
very small, however, better compute the secant directly from 

Just the computation for maximum moment can simplified making 
the determination the location that moment step the computation, 
the computation maximum shear. The expression for the total 
shear any point distant from the left end eccentrically loaded strut 
written,” 


— @ COs 

sin 

Prof. Aeronautic Eng., Stanford Univ., Stanford University, Calif. 

Structures,” Niles and Newell, John Wiley Sons, 1929, 201. 
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The slope the shear curve will zero when, 


sin 


When positive, Equation (59) will indicate location that 
off the span, and the maximum shear will the right-hand end the 


span (assuming Its magnitude divided the area the section 
will be, 


When negative, the shear stress the point inflection given by, 


Equations (60 and (61) can proved identical with Equations (43) and 
(44), and are much easier use. 


Continuing along the same lines, Equations (45) (49), inclusive, can 
replaced by, 


noted that Equation (63) special case Equation (64) for 
The criteria for absolute maximum shear represented Equations 
(50) and (53) remain unchanged, but Equations (51) and (52) may 
replaced by, 


and, 


Equations (54) (68) would more convenient for plotting curves such 
those Figs. 12, 16, and 18, than the corresponding equations the 


q 
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author’s paper. The first step the analysis eccentrically loaded strut 
would the determination the location the point zero slope the 
moment curve from Equation (54). The distance from this point the point 


inflection, multiplied will can then seen which the 


four cases represented. Some saving time can probably obtained 
taking advantage the relations between Equations (63) and (64) and 
Equations (50), (67), and (68). 

Similar formulas for locating the point maximum moment, can 
easily derived for cases axially loaded beams. Formulas for the total 
shear, bending moment, slope, and deflection for single span, and continuous 
beams this type, with various types transverse load, based the work 
Miiller-Breslau, have been published the 

the text following Equation (22), the author recommends the addition 
assumed eccentricities allow for imperfection manufacture. When 
the known eccentricity, the same sign obvious that assumed 
eccentricities should added. The author might have brought out more 
clearly that when and are opposite sign the assumed eccentricities 
should added algebraically rather than arithmetically. Only this way 
will the assumed value the distance from the left end the point inflec- 
side. 

Although some the author’s formulas could simplified, his basic ideas 
and his developments from them are sound, making his paper valuable 
contribution the literature column theory. 


methods used to-day for the design compression members are unsatis- 
factory that any paper advocating rational approach should carefully 
studied all structural engineers. Mr. Young’s attack the problem 
most sound and may interested know that certain his suggestions 
have already put into practice. 

His proposal take definite initial curvature the axis the mem- 
ber represent all imperfections, find the load that first produces 
stress, and then divide this load constant factor arrive the work- 
ing load was used deriving the strut formula contained the Steel 
Structures Research Committee’s Recommendations for Code Practice 
for the Structural Steel Buildings, published 
recommendatious were adopted the London County Council and also 
the British Standards Institution, the formula being included the London 
County Council’s revised Code Practice, for the design buildings erected 
London, which came into force February 16, 1932, and the British 
Standard Specification (No. 449) for the Use Structural Steel Build- 


Structures,” Niles and Newell, 1929, pp. 


Prof. Civ. Eng., Univ. Bristol, Bristol; and Technical Officer, Steel Structures 
Research Comm., England. 


Rept., Steel Structures Résearch Committee, Lond., Station 
London, 1931. 
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ings published April, 1932. Thus, for the last three years almost 
stanchions steel framed buildings erected Great Britain and many other 
parts the world have been designed this rational basis. The formula, 


which (following the notation the paper), working stress, 


per square inch gross section; factor safety 2.36; yield- 


point stress tons per in.; the Eulerian value, tons 


per square inch; and 0.003 Equation (69) merely convenient 


form the Perry for the maximum stress initially curved, 
pin-ended, compression member which has been derived Mr. Young 
Equation (13). The measure the initial curvature, was adopted 
result Professor Andrew Robertson’s large number tests 
struts, whereas the factor, 2.36, was chosen from consideration exist- 
ing strut formulas. 

The Recommendations for Code Practice were published shortly 
after the Committee’s inception were only tentative. the work 
involved was very lengthy, was found impossible the time include 
rational rule for the design stanchions subjected end bending moments. 
would have been useless provide the designer steel framed build- 
ing with strut formula that necessitated the accurate determination 
the end moments since the state knowledge then existing was impos- 
sible estimate, with any accuracy, the moments transmitted from the beams 
through the steelwork connections. Mr. Young states, the labor involved 
considerable, but the four years since 1931 number investigators 
working for the Steel Structures Research Committee have concentrated 
the problem and their work has been under consideration for some months. 
While not possible state exactly what the Committee’s final findings 
will be, probable that design curves will produced having the same 
basis set forth Mr. Young and applicable stanchion lengths subjected 
end moments. 

Some indication the argument which being followed can obtained 
from the Committee’s interim report. that paper method 
given dealing with initially curved strut subjected unequal end 
moments, which covers much the same ground that Section Mr. 


Struts,” Ayrton and Perry, The Engineer, Lond., Vol. LXI, 1886. 
Struts,” Robertson, Selected Engineering Paper No. 
Inst. Lond., 1925. 
Note Effective Length Pillar Forming Part Continuous Mem- 
the Steel Structures Research Committee, Lond., Stationery 
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Young’s paper. The method interesting that uses graphical con- 
struction due Mr. Howard.” 
For example, Fig. 19, draw Lines and through the pole, 


such manner make equal angles, with the center 


line, These lines are made represent and some definite 


seale, being measured upward from for positive moments. circle, 
BXAO (Fig. 19), constructed through Points and The bending 
moment Point the beam, distant from the center line, then 


represented the vector, ON, which drawn that NOZ 


The maximum bending moment the beam given the length the 
diameter, OX. 


Ms, Ma 


Before this construction can used for practical column some method 
allowing for the initial curvature representing the imperfections the 
member must found. most usual assume the initial shape 
that sine curve; there nothing axiomatic, however, about that curve, 
and the stresses the column would not seriously affected slight 


Graphical and Analytical Determination Stresses Single Span. and 
Continuous Beams Under End Compression and Lateral Load with Variations 
Shear, Distributed Load, and Moment Howard, Reports and 
No. 1233, Aeronautical Research Committee, Lond., Stationery 
ce, 29. 
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change its initial shape. Table gives comparison between the gine 
curve, 


(70) 


which the initial curvature assumed the Committee’s formula (Equation 

(69)) and the shape assumed ‘by originally straight beam when subjected 
uniform moment, such that, 

(71) 


which, the half width the column and its moment inertia. 


Beam under uniform 


Sine curve, Equation (70) moment, Equation (71) 


0.00115 0.00131 
0.00212 
0.00280 0.00282 


clear that serious error will arise this latter shape taken 
represent the initial curvature the column. Therefore, graph may 
constructed for the approximate bending moment any point initially 
curved column subjected end moments, and follows: Lines and 


OB”, Fig. 20, are drawn that they make equal angles, 


with the center line, OZ. Along these two lines, and OB’ are measured 


the uniform moment necessary produce the initial 


curvature: the column. The circle, Fig. gives 
the bending moment initially straight column subjected end moments, 
the initially curved column can read from the figure, obtained from the 
circle, B’, subtracting the moment, from each vector. Line 
OX’ diameter the circle, the maximum bending moment 
the initially curved column will given the length the intercept, OZ. 

will seen from Figs. and that when the center, the circle, 
lies Line Line OB”, anywhere the opposite sides 
those lines from the position shown Fig. 20, the maximum bending 


=z 
q 
| 
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moment will found one end other the column. When this 
curs the end moments will have completely masked the “strut action” and 
there seems reason why the permissible stress the column should 
cut down below the value, tons per in., allowed beam. The critical 
values the end moments which make lie Line Line OB” 
are, therefore, considerable importance. 

The critical values are given by, 


which, and are the applied end moments and, 


The maximum bending moment column length, therefore, will occur 
the end where the greatest end moment applied when such moments have 
values defined Equation (72); when the greater end moment 
and the smaller less than or, when the smaller end moment 
and the greater exceeds 

certain lengths continuous columns simple relation between the 
end moments may assumed. For instance, any length outside 
stanchion, except the bottom and topmost, the end moments due dead load 
the worst combination live loading are nearly equal magnitude and 
opposite sign, the sign convention being that Figs. 19, 20, and 21. The 
critical value the end moment is, therefore, 


and simple matter calculate for any length outside stanchion, 
having its axis, YY, the plane the outside wall and subjected any 
axial load, the minimum value the end moment that will ensure the maxi- 
mum moment occurring the end. 

examination the measured stresses existing steel framed build- 
ings has shown that many cases the maximum stress occurs end 
section the column and, therefore, the permissible stress could taken 
the full value allowed beams. 

The foregoing analysis and that given Mr. Young only refers end 
moments which bend the member the plane containing the initial curva- 
ture. The great majority stanchion lengths have end moments about both 
principal axes, and essential that these should taken into account 
practical design method. For member bent into single curvature end 
moments about both axes, all the information required contained Equa- 
tion (75), which the yield stress the material taken tons per 
in., the factor safety 2.36, and the allowance for initial curvature 
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the same Equation (69), 
2 2 
2 2 
2 2 
2 


which, axial load, tons per square inch; end bending stress 
about the major axis, XX, tons per square inch; and end bending 
stress about the minor axis, YY, tons per square inch. 

From this case, design curves can produced with ease, but the procedure 
somewhat more complicated than that usual design offices to-day. Where 
this complication must avoided can proved that safety 
assured all cases bending stress equal the sum the bending 
stresses, fy-y, about both axes assumed due bending about 
the minor axis, YY, and the simpler design curves corresponding that 
are used. Considerable economy sacrificed, however, this simplification. 

Mr. Young has mentioned the effect the axial load the member 
the end moments. steel framed buildings this effect the axial load can 
considered arising from two causes: (a) The flexure brought about 
loading the beams; and (b), the initial curvature. far the production 
safe design formula concerned Cause (a) may neglected all cases; 
Cause (b) may neglected when the column bent the beams single 
curvature; but must taken into account when the bending 
double curvature. With the conservative allowance initial curvature which 
must made represent the imperfections the member, the effect may 
considerably more than the mentioned Mr. Young for the modification 
secondary end moments trusses. 


rational design for steel columns, course, not new one. glance 
through engineering literature will show the attempt derive formula 
which theoretical and the same time not too difficult apply from the 
designer’s view. Mr. Young’s derivation follows closely that 
the well-known secant formula except that assumes that the eccentricity 
represented equivalent curvature, whereas the secant formula based 
initial end eccentricity. 

The author points out serious defect the column formulas the 
straight-line, parabolic, and Rankine types general use to-day. This 
defect that the relation between the axial load and the maximum fiber 


per in., not 1.5 times the value when 20000 per 


Assoc. Highway Bridge Engr., Bureau Public Roads, San Francisco, Calif. 
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in. This due the change eccentricity varies. The secant 
formula, Equation (14), with its transcendental function takes into 
account does the author’s Equation (12). This means that tension 
members structure were designed for certain loading and unit stress 
under 50% increase load; whereas, compression member, the load 
were increased 50% the unit stress would greater than 000 per in. 
This important because many bridge design specifications require that all 
truss members shall uniformly stressed under certain increase the 
live load.” 


2 


2 
The formula then its usual form, 


formula (termed the “Modified Secant Formula”) follows the secant formula 


closely for values less than 200”; thus: 


which, constant, its value depending fm. railroad work 
bridge considered ready for renewal when becomes per in. 
Using this value the secant formula (Equation (76)), the modified 
secant formula is, 


000 


the working stress, per in., Equations (76) and (78) 
would divided 1.3 get the design unit stress. This gives slightly 
larger sections than using per in. Equation (76), but 
the compression members would then stressed consistently with the tension 
members when the load increased 1.3 times. Thus, Equations (77) and (78) 
need not solved “trial and error” the case the author’s equations. 
must understood, however, that the non-linear relation between and 
attained varying the value Equation (77) fit the secant 


(78) 


29, No. 300, October, 1927, 


5) 
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formula, (Equation (76), different values are used for fm. For design pur- 
poses where one two values are used for fm, Equations (77) and (78), 
providing direct solution, are more desirable. research and 
investigation work where different values are encountered, Equation (12) 
certainly easier solve than the secant formula, Equation (76). 


r 


36 20 40 100 140 200 220 2% 

20 40 60 80 120 140 160 180 220 240 


L 
cs of 


comparison the author’s equations with the modified secant formulas 
for two different column sections, shown Fig. column character- 


CHANNELS 16.25 Pounps) 


Fia. 22 (a) Fria, 22 (6) 
Axis 1-1 Axis 2-2 | Axis 1-1 | Axis 2-2 

(1) (2) (3) (4) (5) 
Section area, square 9.52 9.52 9.52 9.52 
Moment of inertia, eee] 79.6 92.7 79.6 92.7 
from neutral axis extreme fiber, inches. 4.00 3.62 4.00 4.94 
Ratio, = $50 064 1.39 1.17 1.39 1.59 


istics are shown Table Let 36000 per in.; let and 


both assumed 29000000; and the modified secant 


formula 2500. Then Equation (77) becomes, 


| 
| 
q 
= 
| 


Values of s, in Thousands of Pounds per Square inch 


= 


— 


o 
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and, 
750 


Another marked improvement the author’s formula the term, which 


takes into account the shape the column. Since may 


and more particularly, cannot over-emphasized. has gen- 

erally been assumed that the column section were such that the radius 
gyration, the same about either axis the column would have the same 


strength; but this not the case unless the ratio, the same about both 


axes.” 
The columns Fig. have the same minimum radius gyration, 


but the ratio, for the column Fig. 22(b) changes the limiting axis and 


weaker than the column Fig. 22(a). Present-day formulas would lead 
the conclusion that the columns were equal strength since their minimum 
radii gyrations are equal; but the secant formula shows that this not true. 
The limiting axis the column Fig. 22(b) 2-2 even though the radius 
gyration, greater than about Axis 1-1. Without regard formulas 
one would expect the outstanding legs Column source weakness. 
Thus, the secant type formulas enables the designer take into account 
the column shape accurately now computes the radius gyration. The 


most economical section occurs when minimum about either axis. 


approaches 1.00 minimum. circular section, course, would the 


nearest approach the ideal. The has marked effect for 


from 1.5 2.5 affects the values much variation from 
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The total effect given the author’s use but 


doing the real significance the lost. applying the author’s 


Equation (12) the ratio, appears Equation (80). best, 


ever, keep the separate guide choosing the column 


section.” 

Referring Fig. the maximum variation Equations (77) (81) 
from those the author about per in. With value equal 
2.25 this would only 440 per in. Fig. 22(b) shown the secant 
formula for Column Axis 1-1, only. The values are slightly less than 
those given the author’s formula and close agreement with the Hunley 


formulas for less than 
The important point that these formulas, although giving slightly dif- 
ferent results, have the characteristics rational column formula, namely 
(1) when (2) they express the non-linear relation between 
and and (3) they take into account the shape the column well 
the slenderness ratio. 


Gray, (by before Samson and Delilah, 
which more than 3000 years ago, columns have played important part 
tragedies. Any study the structures ancient times, far back 
records go, shows that inherent subconscious fear the combined features 
lack strength and stability columns existed. This can observed 
readily the pictures ancient The ancients built their columns 
what they thought was rational method design; and yet many work- 
men were killed the construction their larger buildings and bridges. 
August 29, 1907, the Quebec Bridge collapsed, one the world’s greatest 
structural failures; to-day, tragedies column failure occur even 
planes, which are more carefully and exactly designed than any other 
structure built. Therefore, this paper most useful subject, presented 
opportune time; but touches only lightly the subject. 

With the coming Galileo there record definite beginning the 
development the structural theory. Then came Hooke and Huygens with 
their conception elasticity. 1696 Jacques proposed the 
problem™ which led Euler’s discovery the column formula; but this 
did not happen until clever experimentalist found that column strength 
varied directly the area and inversely the square the length. 


See “Modern Framed Structures,” Johnson, Bryan, and Turneaure, Pt. 


Chicago, 
Encyclopedia Britannica, Fourteenth Edition. Vol. III. 457. 


Euler: inveniendi Lineas Curvas maximi minimique proprietate 
gaudentes, sive Solutio problematis lastissimo sensu accepti.” Lausannae 
“De Curvis elasticis,” pp. 245 311. 


Genevae, MDCCXLIV; Additamentum 
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1744" Euler first developed his now famous column formula; 
developed the formula more general form and discussed great 
detail. Then came Thomas Young with his very practical 
conception 1855, remained for Bessemer first produce 
economical and strong metal building material. time has passed, many 
column formulas have been proposed such men Euler, LaGrange, 
Schneider, Rankine, Johnson, Engesser, and special formulas such 
men Gordon, Ritter, Swain, Merriman, Considére, von Wester- 
gaard, Salman, Basquin, Hickerson, Young, ete. 

None these men has said much more than Euler and LaGrange; and 
they have omitted and warped much the original. The formula proposed 
the paper direct contradiction with those derived Prescott, for 
example.” Too much attention has been paid producing new formulas and 
not enough securing more accurate data and applying them. More tests 
really high-strength rolled columns solid cross-section rolled structural 
shape are needed. This would valuable rational data for rational column 
formula. 

The Engineers the Army Air Corps have derived twelve formulas, 
illustrated graphs, which are more accurate and useful than any the other 
column formulas (except that These formulas involve the use 
per in. and yield point 174000 per The author also 
assumes constant although Fig. quite apparent that may 
vary considerably from fy, because then becomes the secant 
modulus, and, many tests, has been shown decrease from 70%, 
although the material able keep constant load. tests conducted 
the Structural Laboratory Northwestern University School Engi- 
neering, the writer found that columns reach their maximum strength after 
they have deflected laterally. This fact was noted tests recorded many 
years ago the late George Swain, Past-President and Hon. Am. 
Soc. E.,” and also the formula developed Euler,” namely, 


(82) 

Mr. Young feels that should accent such standards happen exist. 
The type that happens fabricated most generally taken standard; 
but what about the sub-average column? the writer seems that the 
standard should minimum fixed engineers rather than fabricators. 
has seen structural sections long made cross-section 
any commercially machined material with error (or in., 


Preussische akademie der wissenschaften Berlin Histoire avec les mem- 
1757. Berlin, Tome XIII, 1757, 252.) 


graphy, Vol. LXIII, printed 1900, 396 (also, his 


Air Corps Information Circular No. 656, Table 1-A. 


“Structural Engineering,” George Swain, First Edition, 1924, Vol. Chapter 
“Columns,” 446, Lines and 27; 448, Line through Line 
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standard. ordinary work the steel companies can produce accuracy 


From 1874 1898 strength steel produced for the major bridges 


decreased 40% and from 1898 1924 decreased (with rare exceptions 
both cases) per for the more important bridges, 
engineers are consistently thinking stronger steels, which leads more 
and better bridges. Unless useful study columns advanced 
create less expensive bridges (which means also using material higher 
specific strength airplanes), not many more bridges will built— 
although, necessity, few will have built from time time. Let 
the engineer step forward and declare what should, will, and be, 
rather than what may happen be, taken the standard. 

Little has been concluded, definitely, concerning the strength steel 
columns. Every city has its own formula; every State has one, and 
group engineers. Separate column formulas are offered for bridges, build- 
ings, ships, airplanes, and airships. Mr. Young mentions the general fact 
that there are too many column formulas, but does not demonstrate how 
applies his formula the various types columns just mentioned. They 
should expressed one formula because they are all fundamentally the 
same. Investigators, however, always seem favor some new mathematical 
expression. 1757 Euler favored great number tests the subject 
question. one were translate Euler’s work and LaGrange’s work com- 
pletely and undertake series useful, complete, but inexpensive column 
tests the basis their findings, one would least have rational idea 
the problem. studying built-up columns present, the profession 
seems complicating the column subject rather than leading the way 
stiffer and stronger column. 

Although the author touches many important points the subject 
question, not clear how will apply his formula member great 
strength, and guide aid research. His formula does not follow that 
Euler the range that Euler’s has been proved valid, for columns 
that are straight. The work the Society’s Special Committee Steel Column 
presents many points importance not explained Mr. 
paper. The unit stresses used to-day column design represent about 
the unit stresses developed columns that have been tested. The design 
rigid frames not complex problem designing columns, but com- 
bination the analysis column and beam action. Elasticity, crookedness, 
eccentricity, and end conditions columns have been, and can be, controlled. 
This paper reveals the results considerable thought and labor and this 
discussion intended only emphasize the fact that the data upon which 
based are inadequate, when assumed constant, may vary from 


Am. Soc. E., Bdition, 1924, Vol. 93. 


“ Transactions, Am. Soc. C. E., Vol. 98 11988), p. 1876. 
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(by letter)—Some the fundamental principles instability 
are applied, this paper, the design steel columns, assuming that 
when the maximum stresses reach the yield strength the column becomes 
unstable. 


Tensile Stress in Ib per $q in. 


Strain in Inches per Inch 


METAL. 


The stress-strain curves most non-ferrous metals differ from those 
shown Fig. virtue the fact that they depart gradually from the 
extended initial modulus line. typical stress-strain curve for aluminum 
alloys, for example, shown Fig. 23. applying these principles 
instability, this stress-strain curve was idealized one which the value 
the tangent modulus decreases straight line from the initial value 
the upper limit the elastic range value, the yield strength 
(0.2%), and from this decreased value along another straight line zero 
the modulus failure. (The elastic range the material may determined 
any standard method because reasonable variations the actual value 
will not materially change the computed column strength.) Following the 
principles proposed Engesser,“ the critical load perfectly straight 
column was taken the value given Euler’s formula, using the value 
the reduced tangent modulus corresponding the average stress the 
column buckling. relation between the critical stress and the slender- 
ness ratio thus obtained shown Fig. 24. 

the case imperfect eccentrically loaded columns which the 
member deflects appreciably, the principles used the author are the same 
those established Claxton 1887, namely, that the imperfec- 

Structural Engr., Aluminum Research Laboratories, New Kensington, Pa. 


Aluminum Research Laboratories. Arnold, Pa. 


Berlin, 1891. 
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tions and eccentricities the column can represented sine 
This leads Fidler’s formula for which the same the 
Equation (8). This analysis was advanced still further Ayrton and 
and formulas for the stresses imperfect columns were developed. The 
formula for maximum stress the center imperfect column 
with the author’s Equation (11). 


Critical Load in Ib per sq in. 


Slenderness Ratio 


Fic. 24.—RELATION BETWEEN SLENDERNESS RATIO AND BUCKLING 
METALS). 


the initial eccentricities the column are small, such that the maximum 
average stress developed the column exceeds the elastic range the 
material, the writers found, their analysis for columns aluminum alloys, 
that the value may reduced according the foregoing idealized 
stress-strain curve. The relations between the reduced value (say, 
and the average stress the column, are given the following equations: 
When exceeds 1.1 times the upper limit the elastic range the 
material, but when still less than 1.1 the value becomes, 


which factor depending upon the form the member such that: 
for and H-sections bending parallel the web (for bending perpendicular 
the web the same rectangles). 

When between 1.1 and 


Struts,” Professors Ayrton, and John Perry, The Engineer, Decem- 
ber and 24, 1886. 


m- 
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which, the stress 0.2% permanent set; and factor that ranges 
from 0.05 0.12 depending the particular alloy. 
When greater than 


this way possible extend Equation (11) into the plastic range for 
aluminum alloys. The maximum fiber stress, fm, can thus computed 
for the plastic range simultaneous solution Equation (11) and Equa- 
tions (83), (84), and (85). 

Fixity the ends columns may considered re-defining the 
more general expression, 


which, the Eulerian constant for end restraint (that is, for 
hinged ends; and for fixed ends). 

was found that columns fail bending when the value reaches 
the modulus failure for the material which for non-ferrous metals prac- 
tically equal the tensile strength the material, except for cases local 
buckling. 

The writers have used the equivalent the author’s Equation (12) 
determine the ultimate load-carrying capacity column aluminum alloys 
with the following changes: (a) replaced sy, the ultimate carrying 
capacity the member; (b) replaced fu, the tensile strength 
the material; and (c), replaced Thus, the ultimate 
strength columns made materials not exhibiting the definite yield 
point mild steel may computed the following equation, similar 
Equation (12): 


must understood that Equation (87) applies only columns that 
fail unit and not those that fail local buckling twisting. some 
cases, local buckling can taken care proper choice the value 
fy. 

These principles and equations can applied columns subjected 
combination axial and transverse loads treating the transverse load 
(or moment) being applied first and considering the deflection produced 
this load eccentricity application the axial load. The amount 
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stress that can developed the action the axial load 
stress, equal the modulus failure, minus the bending 
produced the transverse loads. satisfactory agreement was found 
between the strengths heat-treated steel and duralumin tubes under com- 
bined axial and transverse loads computed the foregoing manner and 
obtained from actual test results.” 

For the aforementioned case combined axial and transverse loading, 
Equation (87) becomes, 


which, the stress resulting from the transverse bending; and the 
deflection resulting from transverse bending, assuming the initial crooked- 
ness negligible compared the deflection. 

The equivalent the author’s Equation (13) becomes, 


The deflection resulting from the transverse loads, Ab, may closely 
approximated by, 


c 


Substituting Equation (91) into Equation (89) and replacing its 


2 
equivalent, Equation (89) becomes, 


8y = 


The writers did not use the secant formula determine the equivalent the 
author’s Equations (14), (15), and (16), because the expression became 
quite involved when reduced effective modulus was necessary. 


Tubing Under Combined Axial and Transverse Loading,” 


Tuckerman, Petrenko, and Johnson, Technical Notes National Advisory 


Com. for Aeronautics, No. 307, June, 1929. 


ry 
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Under the heading, “Columns Rigid Frame Construction,” the author 
refers the elastic action other members meeting joint causing 
columns act intermediately between pin-ended and completely fixed-ended 
conditions. Although might have intended pin-ended conditions 
cover the case columns with end moments, should stated that the 
other members framing into joint might throw sufficient initial bending 
into the column that the ultimate strength the assembly might less 
than that pin-ended column axially loaded (without end moments). 
extension Manderla’s original taking into account the axial stresses 
computing secondaries truss, leads the conclusion that continuity 
compression member offers restraint itself end rotation the load 
the member approaches the buckling load. would value 
Mr. Young would explain his conception the end fixation columns. 


columns presented Mr. Young valuable contribution. some respects 
differs somewhat from that presented the Special Committee the 
Society Steel Column Research,” while other ways agreement. 
view the importance the subject and the comprehensive nature 
these two studies, will useful compare them briefly. 

Mr. Young agreement with the Committee’s conclusions regard 
using the yield-point strength the critical stress considered, and 
that elastic conditions may for stresses below this point. The 
variation yield point and the form the stress-strain curve 
the vicinity this point, both below and above, renders more exact treat- 
ment buckling strength practical value for structural columns. 

the basis his fundamental formula Mr. Ycung has adopted centrally 
loaded, curved column and has superimposed upon this column any eccentricity 
that may occur. From the first, the Special Committee Steel Column 
Research used the so-called secant formula, based entirely eccentricity, 
and included the eccentricity the effect crookedness. The Committee 
selected this method order simplify the analysis its test results where 
definite eccentricity was used, and the final analysis leading working 
formulas was made including the effect crookedness the assumed 
eccentricity. The results these two methods procedure are not materially 
different. Analyses crookedness made the Committee and reported 
its second progress indicate much lower value for crookedness co- 
than Mr. Young has used. From its studies the Committee adopted 


Berechnung der Sektindarspannung welche einfachen Fachwerke 
starrer Knotenverbindungen auftreten,” Allgemeine Bauzeitung, 1880. 
“Cons. Engr.; Dean, Coll. Mechanics and Eng., Univ. Wisconsin, Madison, Wis. 
Transactions, Am. Soc, Vol. 89° (1926), 1485; Vol. (1931). 
and Vol. (1933), 
| Loc. cit., Vol. 95 (1931), p. 1152. 
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compares with value about 0.003 which Mr. Young generally utilizes 

This relatively high value and much larger than appears 
justified the studies the Committee. 

column modern riveted truss substantially member rigid 
frame and, therefore, subject the secondary stresses, end deforma- 
tion moments, that occur such frames. Mr. Young suggests that these 
secondary stresses calculated and the column formula modified accord- 
ingly for each member. its study working formulas the Committee 
carefully considered this matter and suggested that for ordinary design pur- 


poses would reasonable assume eccentric ratio, 0.25, for all 


columns and assume free length (between points inflection) 75% 
the full column length applying the theoretical formula. column 
rigid frame having 25% secondary stress each end, and such 
direction bend the member single curvature, acts nearly like 
eccentrically loaded, pivoted-end column one-half the length and with 
eccentric ratio 0.25. 

The Committee felt justified, therefore, using column length three- 
fourths the full length for practical working formula. The application 
these ideas resulted secant formula representing the ultimate strength 
the column, based yield-point strength. Any desired factor safety 
could then applied this ultimate strength formula. The working 
formula that was suggested was parabolic curve coinciding substantially 


with the resulting secant curve within the usual working limits 


150. This working formula, adopted recently the American Railway 
Engineering Association, is: 


2 


Pin-ended columns are not frictionless, but the amount secondary moment 
the ends due truss deformation limited. frictionless, the 
load would limited the effect crookedness and other 
incidental column defects; frictional resistance sufficiently large, such 
columns act riveted members. reasonable estimate, the Committee 
adopted eccentric ratio 0.25 for riveted columns, but increased 
the free length 85% the full length, leading the parabolic working 


formula, 


For large and important structures, the writer endorses, fully, Mr. Young’s 
suggestion that secondary stresses computed and the column formula 
modified accordingly. The Committee’s formula provides for eccentricity act- 
ing the same direction both ends. However, most columns truss 
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will bent reverse curvature, resulting maximum stresses the ends; 
and such columns might well designed fixed basic unit strength 
without reduction for column length. For ordinary practice covered gen- 
eral specifications, one would resort such separate calcula- 
tion, and single formula preferable. 

The shear analysis presented Mr. Young appears quite complete, 
and shows clearly the high stresses possible short members, decreasing 
smaller value with increasing length and then increasing again for long 
members. this case, again, the high values assumed for crookedness re- 
sult shear values differing somewhat from those corresponding the 
column formulas the Committee. The new shear formula recently adopted 
the American Railway Engineering Association was based upon the 
analyses Shortridge Hardesty, Am. Soc. E., using the adopted secant 
formulas basis. This new formula empirical one, but con- 
structed provide reasonably well for both short and long columns, 
follows: 


100 


which, ratio shear direct stress. 


appears the writer that the paper Mr. Young and the reports 
the Special Committee Steel Column Research, taken together, present 
clear picture the underlying factors the rather complex column problem, 
and suggest rational methods dealing with the subject. 


Durant,” Assoc. Am. Soc. (by rational 
formulas for the design columns, which are deduced from elementary 
analyses, are brought the attention the Engineering Profession this 
paper. The subject column analysis one the oldest the broad field 
elasticity, but spite all the research conducted, the profession has 
used empirical formulas for years, with the result that, to-day, the engineer 
has multiplicity column formulas his command, two which will 
give identical results. 

These formulas (whether straight lines, parabolas, the Rankine- 
Gordon type), which have been general use, are merely forms wasted 


ingenuity. Usually, the only parameter them the slenderness ratio, 


One the disadvantages such formulas (whether not they conform 
test results particular material) is, that immediately the designer 
confronted with material with which unfamiliar, feels the neces- 
sity for analysis which will interpret for him the principles distinct 
from the incidents upon which experimental results depend. 

The chief disadvantage the approximate formulas, however, lies the 
fact that unless the engineer has serve standard, 


Engr., Rendel, Palmer Tritton, Westminster, London, England. 
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complete ignorance regarding their factors safety, and this alone 
should sufficient reason for their condemnation. 

follows that the engineer must doubt regarding the stability 
the resulting structures, because criterion that such structures with- 
stand the loads for they have been designed. 

Objections rational column formulas have been raised because they have 
been considered too complicated for general use. formula for columns 
could complicated but that graph tabular values the dependent 
variable for different values the argument could not readily obtained, 
and this all the average designer needs. His subsequent uses the 
formula, therefore, would involve additional work beyond that entailed 
the use approximate formula. 

Furthermore, the case investigation, whether failure 
column for other reasons, the investigator would arrive precisely the 
same formulas did Mr. Young for similarly imposed conditions. 

rational formula for columns cannot condemned because com- 
plicated; neither can straight-line formula defended the basis its 
simplicity. Simplicity desideratum aimed any formula, what- 
ever its purpose, but all the essential variants are absent, the formula 
ceases general value. 

formula for the design columns should one general utility and 
has theoretical basis, then variation the fundamental elastic 
constants would apply any material which obeys Hooke’s law and which 
has compressive tensile stress-strain curve. Moreover, the factor 
safety the column formula equal that the material tension, the 
resulting structure will have, within narrow limits, uniform 

The only actual uncertainty rational column formula the value 
which should assigned the length the column. the ends were fixed 
position and direction this value would determinate, but such 
condition unattainable. 

All members frame are subjected varying degrees constraint 
which make the effective length indeterminate, but the true effective length, 


course, must less than the geometric length. the geometric 


length were inserted the formula, the designed column would have 
strength greater than that calculated, provided, course, the material was 
way impaired and that the secondary moments were properly assessed. 
The value the constraints will less, general, for increases the yield 
stress, but analytical law can formulated deal with this phenomenon. 

Moreover, the more slender member compared with those which 
attached, the shorter will its effective length. This statement, although 
obvious, serves some measure fix the effective length column. For 
instance, the web members truss are almost invariably more slender 
proportions than the chords and, consequence, their effective lengths are 
less than their geometric lengths. general, the chords receive little 
restraint from the web members and probably their effective lengths are their 
geometric lengths, approximately. 
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Throughout his paper the author has used the equation, 
dz? 


which sufficiently accurate for columns solid cross-section. 
For built-up columns, the form importance and would necessary 
rigorous investigation use the more general equation: 


which constant depending the distribution and form the area 
the cross-section, and the modulus rigidity. 

However, considering the variation the elastic constants and the diver- 
sity column forms, Equation (97) would not expedient for general use. 

avoid the anomalies design created the approximate formulas, 
hoped that rational formula for column design will soon 
incorporated all specifications for the design 

much research work has been done structures, particularly 
America, that appears strange that the march progress should marred 
adherence traditional standards, many which, have scientific 
significance. 


factors involved the rational design steel columns have been treated 
comprehensive manner the author, but the writer inclined wonder how 
much the paper likely absorbed usable form those actively 
engaged column design. What most designers want something reasonably 
accurate and not too complex, which will take into account the principal 
variables and will fit neatly into the ordinary design specifications. the 
case column subjected eccentric load, side load, for example, 
the designer would like know what allowable stress use the extreme 
fiber. Knowing this, perfectly competent proceed with his design 
the usual manner, selecting member which the combined stress (bending 
plus direct stress) does not exceed the allowable. 

simple formula for determining the allowable stress for all types com- 
pression members, which incorporates practically all the principles the 
author’s paper, has been derived the writer and his associates. For the sake 
simplicity the derivation presented herein will made for columns 
using the same basic assumption that adopted the author, namely, that 
the yield-point stress the limit usefulness. will then shown how the 
derivation may extended include materials such the structural alloys 
aluminum which have pronounced yield point and, hence, have range 
useful stress above this point. 


“Research Engr., Aluminum Co. America, New Kensington, Pa. 
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Fig. demonstrates very general case pin-ended column having 
initial crookedness, loaded eccentrically distance, and resisting 
side load well the column load. The dotted ling 
represents the deflected position the member under 
load. 

Let the column load, and the side load, 
the design loads for which factor safety, 
provided. the column properly designed, the 
fiber stress from combined bending and direct stregs 
should just reach the yield point increased 
lowing equation represents the condition failure: 


nPec 


which, addition the notation the paper, 
the total deflection which accompanies the yield- 
point stress, caused all loads combined, inches; 
and the maximum bending moment produced 
transverse loads, pounds. will recognized that 
Equation (98) simply summation the five com- 
ponent parts the extreme fiber stress, based the 
well-known fundamental equation for combined stress: 


25. Transposing the fourth term Equation (98) 
the right-hand side and dividing through the factor safety, 


The term, Equation (99), may replaced the design stress for the 


member treated beam, which gives: 


Since and are design loads (ultimate loads divided the factor 
safety, n), and since the moment produced the design load, the 
terms the left-hand side Equation (100) represent the ordinary design 
for combined stress the extreme fiber the member. The 
equation states that this calculated stress equal the terms the right, 
factor safety provided against failure (yield-point stress). There- 
fore, the terms the right constitute the allowable design stress, fw; thus: 


which the allowable combined stress, pounds per square inch, thé 
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extreme fiber the center the unsupported length any member subjected 
combined bending and direct stress (includes eccentrically loaded columns) 
and the allowable stress, pounds per square inch, for the member 

The only term Equation (101) that unknown the total deflection 
accompanying the yield-point stress. This deflection may expressed the 
sum the effects the various loads, but simpler and more direct solution 
express directly terms the known total fiber stress, follows: 


Equation (102) readily derived the use the well-known moment-area 
theorem which states that the deflection the center span the bending 
moment the center produced the moment diagram, divided 
considered load. 


The total bending stress the center and, the total 


moment causing this stress: 


Therefore, this case, the center ordinate the moment diagram, divided 
EI, is: 


The constant, Equation (102) results from assuming that the curve 
moments sine curve and this respect Equation (102) approxi- 
mation. Other curves might assumed; for example, parabolic moment 
curve gives constant, 9.6, instead 

Let the critical stress, pounds per square inch, for the member 


treated Euler column, representing the Euler value, the 
author’s paper. Transposing terms: 
2 2 


Substituting Equation (105) Equation (102) gives the following: 
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The term, may replaced which gives: 


n e 


Substituting Equation (107) Equation (101) and replacing 


(108) 


The derivation Equation (108) for end conditions other than pinned 
relatively simple and leads the same formula. The method preferred the 
writer evaluate the end condition terms the equivalent length 
pin-end column—that is, terms the length between the points contra- 
flexure the member. Thus, fixed-end column acts the same pin-end 
column one-half its length. Since the line action the column load, 
must follow the straight line joining the points contraflexure, the derivation 
simply repetition the foregoing, except that the effective length, 
substituted for and the effective initial crookedness, substituted for 


The Euler value, becomes 


The value for completely fixed ends 


0.5. For round pin ends, 1.0, course, whereas for the general run 
framed ends many designers use 0.75 representative average value. 
previously pointed out, the derivation Equation (108) based 
the line reasoning adopted the author dealing with steel. For aluminum 
alloys and other materials which not display the abrupt yield-point 
teristic steel, necessary introduce into the derivation suitably 


reduced modulus elasticity, when the value exceeds the elastic 


range. similar correction should made even the case steel, because 
the limit the elastic range slightly below the yield-point stress. This mat- 
ter not important steel most other materials. 

applied column that eccentrically loaded, the method 
herein gives the same result that the author’s paper, Furthermore, has 
the additional advantage that applies columns transversely fact, 
allows any member under combined bending and direct compression 
designed the same basis ordinary beam, with departure from con- 
ventional procedure. order clarify the method using Equation (108) 
simple example may cited, using current standard specifications™ 
basis for design. Let the problem determine whether 12-in., 
Carnegie beam section, unbraced, 15-ft simple span (pin ends) safe 
under the combined action end load 200000 and distributed 


Specifications for Steel Railway Bridges (1934), Am. Ry. Eng. Assoc. 
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transverse load 000 lb, acting the plane the web. The following are 
the calculations: 


and, the allowable axial compression 000 800 per in. 
Consequently, the member safe for the column load alone. 

fore, the member safe for transverse load alone. 


(3) The combined fiber stress (Axis 1-1) 500 100 600 per 


(2) The bending stress (Axis 1-1) per in.; 


34? 
000 


the member safe for combined load. 

the foregoing examples should noted that, for checking the strength 
the member under column load alone, the smallest radius gyration used 
(Axis 2-2), whereas for checking combined stress conditions the radius 
gyration taken about the axis normal the plane the transverse bending 
loads (Axis 1-1). 

using Equation (108) the end conditions for the transverse loading should 
consistent with those for the column loading. Thus, the foregoing 
example, the member were assumed have riveted ends, the value 
would have been computed for 0.75," and, therefore, computing the 
bending stress from the transverse load the effective span should reduced 
0.75 15. 

Certain parts the foregoing derivation can used arriving 
formula for estimating the maximum shear compression members. Assum- 
ing the deflected member Fig. take the form sine curve, can 
readily shown that the maximum slope the member is: 


The total shear the member is: 


which the shear force, pounds, produced the transverse load, 

Neglecting the difference between tan and sin and dividing through the 

factor safety, gives the following equation: 

P(D 

Specifications for Steel Railway Bridges (1934), Am. Ry. Eng. Assoc., Appendix 


108) 

the 

-end 

tion 

L, is 

ends 

run 

num 

ably 

nat- 

has 

act, 

08) 

safe 


480 HARTMANN RATIONAL DESIGN STEEL COLUMNS 


which the total shear force, pounds, for which the column should 
designed (shear failure divided factor safety). Substituting the 
from Equation (107), 


n 


Equation (112) for pin-ended members only 1). may generalized 
ance with the foregoing discussion end conditions; thus: 


which the maximum total shear force, pounds, for which com- 
pression members must be. designed order provide factor safety 
against shear failure consistent with that against column failure. The Euler 
value, should calculated for the effective length, The shear, from 
transverse loads should also that for the effective length, 

Equation (113) fits nicely with Equation (108) since the two have 
number terms common. should emphasized that the radius 
gyration, should taken about the axis normal the plane which the 
shearing force, acting. The distance the extreme fiber, should 
taken direction consistent with and, the case unsymmetrical mem- 
bers having two values the smaller the two should taken unless trans- 
verse loads eccentricities are present which throw the larger compression 
stresses the other side. 

Equation (113) like Equation (108) gives results agreement with the 
author’s method when applied column eccentrically loaded; and has 
the additional feature that applies also columns transversely loaded. 
order clarify the method using Equation (113) example may given 
using the same set conditions the foregoing example. The follow- 


135 000 6.06 

e 


The shear produced column action this member less than the 
end load, and small fraction the total shear. the initial crookedness 


had been assumed equal 0.45 in., the resulting shear from column 


— & 
— 
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action would increased 0.0116 and the total shear would 
either case, course, the column selected has ample web section. 

his handling the shear problem, the author has apparently overlooked the 
factor safety. His vy, which defined “the average shearing stress when 
the load, its yield-point value,” used Fig. for direct compari- 
gon with values taken from the American Railway Engineering Association 
specifications. should have used vw, following the same 
which his Equation (13) arrived from his Equation (12). 
This would have had the effect dropping all his curves Figs. and con- 
siderably. The writer wonders the selection average design shear 
600 per in. would not have been affected this correction. There 
little the paper justify blanket value 600 per in. under any 


The author has pointed. out the effect shearing distortions latticed 
battened members. the writer’s derivations these distortions affect only the 
magnitude the deflection, Equations (102 and (107) assumed 
that shearing deformations are negligible. Actually, under the effect trans- 
verse loads, the shearing deflection latticed member often runs high 
the bending deflection. Some account this might taken Equations 
(108) and (113), possibly inserting suitable factor which the term, 


multiplied when latticed battened columns are under consid- 


eration. This matter worthy further study. 

The writer would like emphasize the importance the term, the total 
deflection the member, the foregoing derivations, This deflection that 
which occurs just the point failure, just the extreme fiber reaches 
the yield-point stress. Dividing through the various equations the factor 
safety, does not affect the magnitude that the formula for work- 
ing stress, (Equation (101)), the deflection corresponding the 
yield-point stress. The significance this the designer simply that, 
estimating the degree fixation the ends member (magnitude 
effective length, L), the conformation the member should visualized 
with respect conditions just before failure. Many member which prac- 
tically fixed-ended 0.5) low loads may practically pin-ended 
1.0) near failure, and should considered design. 

The writer advocates the use Equations (108) and (113) actual design 


instead such generalities and average shear stress 600 per 


in., advocated the author’s summary. The designer should allowed 
some latitude evaluate such variables crookedness, end conditions, and 
eccentricity loading the light his own peculiar design conditions. Most 
designers will quickly simplify the application Equations (108) and (113) 
preparing charts and other “short-cuts” for the routine problems, saving 
the formulas themselves for the unusual cases that always arise. 
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column imperfect, that not perfectly straight, and that 
(lack straightness) directly proportional the length the column, 
rational assumption. Mr. Young’s attack the problem the 
the right direction. perfect column formula, except 
slender columns, not possible, because perfect column impossibility, 
The imperfection column that easiest detect, columns 
carefully made, lack straightness. 1909, the writer pointed 
that visual inspection one can detect deviation from straight 


about the length structural member. This the ratio 


gested Mr. Young. The writer chose the ratio for rational 


column formula allow for eccentric end application the load. 

Mr. Young finds expression for the total’ extreme fiber stress which 
includes the bending stress due the bow the column. His design curye 
for rectangular section that column, shown Figs. and 10, 


almost straight line for values 120 and for bow the column 


equal the length. evident that somewhat larger assumed 


bow the column would give still closer straight 
the writer’s solution, using average value the radius gyration 
one-third the depth section, and assumed bow the column 


the curve allowed unit stress was found straight line 


equal about 110. This agreed with the commonly used straight-line 


formula, 16000 The deviation from this straight line very 


slight for slenderness ratios 150 less. 150 the curve strikes 


the Euler curve with factor safety 

significant that this just about the upper limit structurally 
permissible columns. Thus, completely rational formula, too cumbersome 
use practice, however, based other supposition than bow 
imperfection that would reject column subject ordinary inspection, agrees 
almost exactly with the common, well-tried, straight-line formula that never 
laid claim any except experimental, empirical backing. 

The writer recommended that columns divided into two distinct classes 
(structurally permissible columns and slender columns), and that design 


Structural Engr., Pittsburgh, Pa. 


Railroad Age-Gazette, July 1909; see, also “Steel Designing,” 
Godfrey; and The Structural Engineer (London), September, 1932. 
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stresses these two classes based entirely different considerations, 
not forgetting, course, the zone where the two classes overlap. The unit 
stress used the first class was based solely the extreme fiber stress 
bowed column, subject an.endwise load, and that unit stress was 
shown theoretically determinate the use formula the type, 


16000 The unit stress slender columns was recommended 


the basis factor safety, say, about based the ultimate 
load shown the Euler formula. There need factor safety 
greater than slender columns, because the steel manner dis- 
tressed slender column (even one having decided bow) until the 
ultimate load nearly reached. 

There need confusion the two classes Specifications 
for structures need give recognition slender columns, except exclude 
their use. All structural columns can designed safely the same straight- 
line formula, because there extra safety the range approaching slender 
columns; this advantage, because the weight members and other con- 
siderations make desirable. Slender columns and formulas for them should 
reserved for such work transmission towers, airplanes, etc. 

The writer not familiar with present practice among Continental engi- 
neers, but former years they used the Euler formula with factor 
safety This extravagant waste slender columns, where the 
Euler load real significance. The Euler load has meaning whatever 
structurally permissible columns. 


steel columns, proposed this paper, the most rational that has been 
advanced date. The problem has been defined concisely Leffler,” 
Am. Soc. follows: “The problem the column one bending 
moment. The very fact that column fails with average unit stress below 
the strength the material evidence that impossible centralize the 
load every section, *.” The parabolic formulas now generally advo- 
cated and widely used omit entirely (except covered constant, repre- 
senting assumed average values) the important factors eccentricity and 
the value, Any solution bending problem which neglects these terms 
can neither logical nor complete. The writer feels, however, that before 
the Engineering Profession can adopt Mr. Young’s procedure must have 
more general knowledge secondary bending actions, and more definite 
information regarding actual eccentricities expected columns, 
determined careful and comprehensive field and shop measurements. 
Furthermore, the rational design steel columns must necessarily take into 
account number factors not represented the formula but which directly 
affect the strength the column. Among the latter are the following: 


(1) The form section including its strength under local buckling action; 


Bureau Bridges, Div. Highways, Springfield, 
Transactions, Am. Soc. Vol. LXXXVI 541. 
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(2) Adequateness design connection, pin-plates, bracing, and other 
items unfortunately too often considered secondary details; and, 

(3) The relative degree excellence expected fabrication shops 
and field construction matters milling, setting shoes and 
ages, and maintaining the structure proper position during construction, 


short, the writer’s conviction that column formula should 
tied directly with specific clauses design and construction specifica- 
tions, and the formula used with fairly accurate idea how these 
will followed. The writer desires discuss briefly some the evidence 
supporting this view. 

should recognized the outset that the problem concerned with 
short columns primarily, or, most, with intermediate columns. The slen- 
derness ratio, the plane the truss, main columns heavy bridges will 
usually 40, less, except the inclined end posts where may 


light highway bridge, particularly rolled wide flange beams are 


columns, the ratio may high 100. The ratio normal the 

truss will usually less. short, the Euler values not enter into 

the problem. 

Computed eccentricities the plane the truss are 
determined secondary stress analysis, the following factors should 
taken into account: (a) For large bridge with subdivided panels and 
heavy chords the secondary hangers struts will relieved considerable 
primary stress the beam action the chords, with consequent reduction 
secondary moments the chords themselves; and (b) with railway load- 
ings the local effect heavy drivers likely severe the secondary 
moments the chords, and accurate solution may very tedious. 

The foregoing facts have been established Parcel and 
Maney,” Members, Am. Soc. There the further question whether, 
the present time, would advisable entrust the matter secondary 
analysis truss, and consequent selection column formula for indi- 
vidual members, the average designer. The writer’s view that much 
more work will have done this problem and certain standards estab- 
lished the profession before the method will satisfactory for adoption 
specification. The same applies eccentricities arising plane 
normal the truss due floor-beam other rigid-frame action. 

Measured regard initial crookedness columns, 
the Final Report the Board Engineers the Delaware River Bridge, 
between Philadelphia, Pa., and Camden, J., shows measurements taken 
twenty-two columns varying length from ft. crooked- 
ness in. and more was found, and was just great the short mem- 
bers the long. The writer has taken careful measurements about 
sixteen columns fabricated for large highway bridge modern shop 
and has found initial crookedness in. These columns were 


Stresses Kenova Bulletin No. Eng. Studies, Univ. 
Minnesota, Minneapolis, Minn. 


WYLY RATIONAL STEEL COLUMNS’ 485 


long 100 ft, and the sectional areas in. and most them had 
central longitudinal diaphragms included the section. The short columns 
much eccentricity the longer ones. the writer’s belief based 
the foregoing information, discussions with shop foremen and 
inspectors, (1) that initial crookedness not necessarily function length 


(2) that likely much in. for short column; and 


that should not exceed in., for member 100 long shop inspec- 
tion adequate. Furthermore, the writer would point out that seems 
reasonable believe that column with central longitudinal diaphragm 
web-plate normal the main webs should have less initial crookedness 
than one which the webs are laced together, the shop work being easier 
this respect. The writer would propose clause construction specifica- 
tions limiting allowable initial column amount equal 
0.125 in. plus 0.0002 (in which length column, inches), and 
making greater amount than this cause for rejection. 

There are important initial end eccentricities which columns may 
subjected, which are not due primarily rigid frame secondary bending 
action but what may termed accidental misfits shop field work. 
Probably the most frequent are: 


1—Eccentricities due improper column alignment due such causes 
the following: (a) Improper fit lateral bracing may pull members out 
line transversely; and (b) settlement one more falsework supports 
during riveting work. 

due misfits ends columns which depend largely 
wholly direct bearing for transmission ‘load. 


should noted that the computing the ultimate strength 
columns subjected initial eccentricities this type are not included 
Mr. Young, since the eccentricity (that is, moment divided column 
load) not constant, may assumed with eccentricities truss arising 
from secondary bending. 

Any column may subjected eccentricities due improper alignment, 
and unless careful check maintained the position structure during 
the construction stages 


example the writer’s 
experience shown 
bridge column, shop 


100 ft, was pulled out 

improper fit lateral bracing. This was corrected reaming 
the lateral connections. Some idea the shears that may occur column 
this kind accidental eccentricity given the curves shown Fig. 27. 
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the writer’s belief that errors this type occur more often than 
generally realized. 

Columns subject eccentric loads due imperfect end bearings include 
some the largest and most important compression members engineering 
structures. Among them are: (1) All end posts main vertical posts 
piers that bear directly footing, pins, shoes, grillages; (2) main 
truss, building columns that depend partly entirely milled ends for 
load transfer splices; (3) trunnion columns supporting main trunnion bear- 
ings trunnion cross-girders bascule bridge, well columns support- 
ing counterweights, movable span and counterweights, bascule vertical 
lift bridges; and, (4) columns movable bridges, that bear main 


Shear on Column in Hundreds of Lb per Sq in, 


Which 


27. 


through bridges most portal columns are Class (1), and these may 
subject severe bending from lateral loads addition direct loads. 
source serious error fit tops the columns Class may 
the necessity for shimming between column top and base bearing 
cross-girder. Frequently shims varying thickness are used this case. 
manifestly impossible get thin shim which perfectly 
and usually the weight the bearings not sufficient iron out small 
waves the shims, except the case the very largest bridges, evident 
that the bearing will not take its final position the column until consider- 
able dead load from the structure has been added, and that time the actual 
error usually can not detected corrected. Where cross-girder rests 
the column the problem further complicated the fact that the girder 
will subject flexure—often much flexure—after the fit has been made 
and the dead load added the girder. the case the columns Fig. 
special adjustments were made, after careful study, take care this matter. 
there any error shop field making the center the trunnion 
the plane rotation the truss, the members Class (4) and 
their connections are subject racking weaving. 
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order illustrate what may expected from present practice this 
matter there are shown, Fig. and Fig. 29, the results careful measure- 
ments taken the writer the milled ends trunnion columns two 
different bascule bridges. each case the grillage top plates were finished 
the shop and were set the field with great care. The measurements were 
taken after the columns had been lined both directions and had been placed 
proper position receive the cross-girders bearings supporting the 
movable leaf. Measurements fit between grillages and columns were made 
inserting thickness gauges between the top the grillage plates and the base 
the column, under the main material the column. Measurements 
the tops the columns Fig. were taken similar manner. All 
measurements were checked independently other observers. Attention 


Weight Columns Tons Each Weight Columns Tons Each 
= 
Piane of Column Tops 2 
(Level) 


Plane of Column Tops 


Plane of Grillage Piates 


( 1) 
Plane of Gritage Piates 


28. 29. 


called the fact that Fig. the actual milled surfaces vary from the 
normal angle 0.0012 radian, and that Fig. the surfaces vary 
from the normal much 0.003 radian. each case the weight the 
columns themselves sufficient cause them come firm bearing 
the bearing edge corner. apparent the case these columns 
that the error milling bears relation the slenderness ratio the 
column. The columns these two bridges were fabricated two different 
firms, each enjoying well established reputations for high grade work, and 
the work was inspected professional shop inspectors. Furthermore, 
should noted that the case each bridge, the milling the columns 
the second leaf (not shown), was very satisfactory. the case the 
columns shown Fig. 29, proper bearing the member the 
was obtained tilting the columns. The Final Report the Special Com- 
mittee Steel Column shows even greater errors end milling. 
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Other instances measured eccentricities ends columns due 
milling field work are, follows: 


(1) the case large movable bridge carried heavy 
which latter was seated through castings heavy columns the writer found 
the load off center one column amount in., and off center 
another amount in. These measurements were checked 
independent observers also. the case two other the 
same structure the load was found located centrally. 

(2) Column No. the Equitable Building, Des Iowa, 
showed stresses corresponding rotation the lower end the column 
through angle more than 0.001 radian. 

(3) Column Ne. the American Insurance Union Building, Colum- 
bus, showed stresses corresponding rotation the lower end 
the column through angle 0.00138 radian. 


Attention directed the implications such the 
case all the columns shown Figs. and 29, the weight the movable 
leaf was sufficient force the column completely down bearing the 
grillage plate. should noted that the errors due milling the base 
may well duplicated the top and that the eccentricities may act the 
same side the column, producing single curvature the column and bend- 
ing stresses the middle (which may may not serious), they may 
act opposite sides the column with resultant heavy shearing stresses. 
Fig. illustrates this relation, showing the shears that will arise from this 
secondary bending ends members. The effect direct column load, 
increasing bending and shears, neglected. noted that the shears 
arising from this source alone are likely heavy that they can not 
taken any reasonable amount lacing. 

the writer’s belief, based such information the foregoing, that 
present methods shop and field work and inspection may expected pro- 
duce errors end rotation columns 0.001 radian and that errors large 
0.003 radian may occur easily. would like urge the necessity 
comprehensive investigation shop and field actual eccentricities occurring 
structures. 

The writer would also propose special clause cover milling for con- 
struction specifications and would suggest that definite limits milling errors 
set angle 0.0005 radian and that larger errors than this made 
cause for rejection. would also call attention the necessity for intelli- 
gent shop and field supervision this work. Too often this work entrusted 
inspectors who have not adequate knowledge the problem. 

Local writer desires also discuss briefly the question 
local failure the built-up short column and one two factors producing 
such failure, together with its implications regarding the questions column 
design raised this paper. important recognize that most the 
models large columns which have been tested and reported available 


72, Eng. Exp. Station, Iowa State Coll., Ames, Iowa, pp. and 25, and 


Bulletin 40, Eng. Exp. Station, Ohio State Univ., pp. 15, 16, 26, and Fig. 17. 
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engineering literature have failed, not through integral action, but con- 
sequence local distress.. Consider, for example, the models the second 


having stiffness ratio less; or, again, consider 


Models U2M1 US2MS1 the Memphis (Tenn.) For number 
years, prominent engineers even felt that was impossible design 
short columns that would not fail locally. One investigator has 


“Now one point clearer than any other regard built columns, 
that they not act solid homogeneous columns. Unless improperly 
designed they always fail locally the flange buckling between panel points, 
and their strength this connection which determines their strength 
whole. If, course, the column deflect direction perpendicular 
the plane the web bracing (lacing) only, will act solid column, and 
question built column arises.” 

However, the integral failure the ten models the Metropolis 
Bridge columns may well said have established conclusively the fact 
that entirely practicable design short columns that will act unit, 
and seems obvious the writer that, until knowledge and practice 
designing main section, end connections, transverse bracing, and other 
features too often considered secondary details, such that local failure 
avoided, futile rely upon any theory integral action column 
design. illustrate, the failure Model the Memphis Bridge, 
through local failure the forked ends, unit stress 25% below the yield 
point the material, probably good indication the strength the 
forked ends, but not necessarily any the strength the mem- 
ber whole. The writer wishes urge the proposition that the rational 
steel columns must necessarily include the design any construc- 
tion feature the premature failure which can precipitate the collapse the 
main member. There are number features this class which are not ade- 
quately treated design specifications the present time. Prominent among 
them are: (1) Lateral bracing the plane normal the plane the main 
webs column, this bracing commonly being composed lacing present; 
(2) the question the proper relation between the size and stiffness main 
flange angles and the web-plates; and, (3) the form section 
Factors (1) and (2). 

With regard the matter lacing the writer feels that 
plete revision present practice wishes attention 
the following propositions: 


often quite much the plane the webs. Lacing does hot form 
proper element resist this bending; 

Lacing columns present usually much overloaded the 
design loads specified are frequently about 50% total stréss carried; and 

(c) used present, lacing induces deformations 


“Final Report Board Engrs., Bridge, Vol. 
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Column Load in Thousands of Lb per Sq In. 
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diaphragms, other points 
rigid support the webs, with 
direct material lowering 
able capacity the main member, 

The foregoing propositions will 
considered the order listed; 
view the relative flexibility 
with solid plate, seems evident 
the writer that the latter 
essential order develop the 
column. illustrate this point 
Fig. shows the curves for 
tion normal and parallel main 
webs, Model U2U3 the Muni- 
cipal (St. Louis, Mo.) Bridge. 
will noted that the useful 
limit point the column (namely, 
about 50000 per in.), the 
lateral deflection the plane 
lacing about five times that 
direction parallel the main 
webs. also noted that 
the case Models and 
MY1 the Metropolis 
that the deflection failure the 
plane the lacing, even with the 
solid plate the section, much 
larger than the deflection the 
plane parallel the main webs. 
Furthermore, most lacing liable 
abuse handling, shipping, and 
erecting; inherently weak 
connected the ends with one 
two rivets. The difficulties aris- 
ing from the failure lacing are 
too well known require much 
Panama, 1915, the 
official test, and under smaller 


that for which was designed, the new 280-ton floating crane 
Paper No. 101, National Bureau Standards, Dept. Commerce. 


Figs. 


Engineering News, Vol. 73, May, 918. 
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built for the Federal Government, was caused such failure lacing. With 
lacing replaced solid central plate normal the main webs, the effect 
loose rivet two would not serious. 

Present practice ignore completely the “participation” stresses 


lacing, particularly double lacing, deformation the main 


column material under stress. Measurements test models have shown that 
the lacing-bars adjacent tie-plates, splice-plates, are subjected heavy 
induced stresses and, fact, that these frequently exceed the stresses from 
transverse shears. addition, the lacing portal columns through bridges 
subjected the shears arising from lateral loads the atructure which fre- 
quently are neglected the design the lacing. result, the lacing, 
present, often subjected about twice the load for which designed. 
However, the main objection present practice lacing, from the writer’s 
viewpoint, that induces distortions the main column material 
certain points and thus precipitates local failure the member lower 
load than the material would otherwise carry. Lacing-bars acting panto- 
graph, tend force out line the ribs the column which they are 
connected the main material distorts axially under primary load. 
points where the ribs are held rigidly place, tie-plates, internal dia- 
phragms, splice-plates, this movement prevented, but the first con- 
nection adjacent these points support the lacing-bars are more less 
free move and, consequently, the distortion the main material greatest 
these points. Careful measurement both this movement and the 
stresses induced the webs the column was made connection with 
the tests the models for the new Quebec The stresses the main 
material these points were found from 14% greater than else- 
where, and probable that the maximum stress was still greater since 
was not possible measure the stress the sharp point the local buckle. 
The number test models large built-up columns that fail locally 
result this action proportionately large. Conversely, the ten models 
the Metropolis Bridge were remarkably free from local failure, and all were 
braced with substantial lacing supplied with transverse ties the ends the 
lacing, and all included, the section, central longitudinal web-plate normal 
the main webs. interesting piece evidence this matter afforded 
the results tests Models TC5, and the 1912 Quebec 
tests,” which the introduction central diaphragm plate the section 
apparently increased the capacity the members about per cent. 
noted that the case Model the Municipal Bridge, local 
failure through lacing distortion was present; and yet the model developed 
high percentage efficiency. The presence the central longitudinal 
diaphragm undoubtedly contributed very materially this result. 

view all the foregoing considerations, the writer would propose that 
solid plates diaphragms centrally located, and normal the main web- 
plates, required all main structural steel columns having stiffness 


Rept. Board Engrs.. Quebec Bridge, Vol. pp. 
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ratio less, and that preference given the use solid plate 


instead lacing wherever possible. Furthermore, would propose that all 
lacing main structural columns supplied with transverse ties all end 
connections prevent lateral displacement the main webs, and that all. 
such lacing proportioned carry the additional stress induced this 
arrangement. would further favor more definite requirement the 
specifications that all lacing and transverse webs columns subject lateral 
stresses proportioned for such additional loads. The induced stresses 
the lacing are easily and quickly shears 
between the lacing and the solid plate when both are used should rest 
rational basis relative rigidity the two systems considered 
beam over the length the member. 

The use the aforementioned features well established precedent. 
Columns this type were used throughout the Metropolis Bridge and 
the Kansas City Bridge over the Missouri River. This type lacing was 
also reported have been used 1914 the Hoang Bridge, China” 
The writer has also used the foregoing features several fairly large highway 
bridges. was pleased find that the shop foremen reported that the tie- 
bars were advantage assembling the material and that particular 
difficulty was encountered with either the lacing with the central diaphragm. 
For smaller structures rolled built-up I-beam sections, with solid webs, 
will often prove very suitable. 

the writer’s judgment, present specifications regarding the relative 
proportions flange angles web are entirely inadequate. The real impor- 
tance this matter should not overlooked. The chords the first Quebec 
were built material having limit about 40000 per 
in., and they were designed originally take working stress 
per in. and, later, computed take working stress 000 per in. 
The bridge chords failed estimated stress per The 
first failing through inadequate lacing, collapsed unit stress 
estimated about 22000 per in. The second model, adequate 
lacing, failed the buckling webs and flange angles between lacing connec- 
tions unit stress about 000 persqin. This type failure 
denced the test made Talbot, Past-President and Hon. Am. 
Soc. E., and Professor 1910. analogy the case 
web-plates supported the edges and partly supported stiffeners the 
center apparent that the factors involved this problem are the rela- 
tive stiffness the plate and the angles, the length along the flange angles 
between lacing supports, and the width thickness ratio the web-plates them- 


Engineering October 1907, Vol. 58, 369. 


Paper 101, National Bureau Standards, Dept. Commerce 


Engineering Vol. 59, 1908, 422. 
Loc. cit., pp. 404, 422. 
Loc. cit., pp. 455-459. 
Bulletin No. Univ, Eng. Experiment Station, 1910, 34. 
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selves. Inasmuch the Bryan theory”, which the buckling theory 
column web-plates rests, assumes complete support against lateral displacement 
the edges the web, apparent that the angles must furnish this sup- 
port addition being stable under their own load. The writer would like 
urge the advisability adequate tests along this line, the work begin 
where the web-plate tests made for the Delaware River Bridge ended. 

Finally, seems the writer that the foregoing considerations demon- 
strate conclusively that the form section used must taken into 
account when applying column formula. The addition central longi- 
tudinal web-plate normal the main webs will undoubtedly increase the unit 
stress that the member will carry, but will actually lower the allowable load 


conclusion, the writer desires express his sincere appreciation and 
admiration for the remarkable work done Mr. Young developing 
rational mathematical theory what has been possibly the outstanding 
unsolved problem structural engineering. 


the majority the discussers are agreement with the proposed basis for the 
design steel columns stated the end Section the paper. 
However, since some criticism has been made the grounds that 
unjustifiable, is, perhaps, worth while recapitulate some the considera- 
tions that led its proposal. 

First, the case compressed column, accepted fact that 
general imperfections, such initial crookedness, accidental eccentricity 
load, irregularities cross-sectional area, and lack homogeneity the 
material, affect, considerably, the behavior the column. also well 
known that the effect such imperfections can represented either 
assuming definite initial curvature the column axis assuming 
definite eccentricity the compressive load. Thus, discussing the 
behavior actual columns under load, not only justifiable, but abso- 
lutely essential, make one the foregoing assumptions allow for the 
effect general imperfections, regardless how indeterminate the proper 
degree initial curvature eccentricity load may be. Such assump- 
tion far more fundamental point than being “merely method applying 
variable factor safety” Mr. Osgood calls it. 

Accepting the logic this assumption, the second step consider the 
general behavior pin-ended, initially curved, steel column under the action 
gradually increasing compressive load (see Fig. 4). Such column 
begins deflect laterally from the beginning loading, and certain 
value the compressive load yielding begins the extreme fibers the 
cross-section greatest bending moment. This beginning yielding may 
termed “localized failure” the material and the corresponding value 


Concerning Blastic Stability Timoshenko, Trans- 
actions, Am. Soc. Vol. pp. 
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the compressive load denoted Py. the load continues 
above the value soon reaches value which the column 
that is, continues bend laterally, without further increase load. This 
condition may termed “complete failure” the column, and the 
sponding load, the ultimate load that the column can 
sidering whether should taken basis for the selection the 
working load for steel column, the writer chose for the following reasons: 


(1) The beginning yielding represents definite damage the material, 
not complete failure the column, and the load, Py, which causes such 
damage may well regarded the limit structurally useful strength 
the column. That the Engineering Profession well agreed this point 
evidenced the fact that accepted practice select the working loads 
for beams, subject transverse loading, the basis that loading which 
first produces yielding the extreme fibers the beam. 

(2) The determination the ultimate load, Pu, necessitates complicated 
analysis involving the properties the material beyond the proportional limit 
(as ordinarily defined). The degree accuracy with which these properties 
can known not very high and, result, calculations the ultimate 
load, Py, are more academic than practical value. 

(3) For most actual columns imperfections must 
expected such order magnitude that there great difference 
between the ultimate load, and the load Py, which yielding first begins 
extreme fibers. 


When Mr. Osgood criticizes the proposed basis for design the grounds 
that “it results excessive safety for short columns, and makes 
the H-section appear stronger than the rectangular 
using definition strength the ultimate buckling load, The writer 
believes that, consistent, Mr. Osgood should object also the present, 
well accepted basis for the design steel beams, subjected transverse 
loading. this case, also, current design methods make the I-section appear 
stronger than the rectangular section when judged basis ultimate 
strength. fact, this difference even greater the case beams than 
the case columns. 

Finally, calculating the load, Py, the writer assumes the material 
follow Hooke’s law the yield-point stress. his discussion, Mr. Osgood 
concludes that “it entirely unjustifiable, therefore, assume the ideal 
stress-strain diagram Fig. explaining the behavior columns, except 
possibly large values the eccentricity ratio.” matter fact, there 
good justification for this assumption two counts: 


(1) The writer concludes from Fig. that the “large values the eccen- 
tricity ratio”, which Mr. Osgood refers, are probably never greater than 


0.1. Indeterminate the factor, may be, there good indication 


that (except, possibly, for very short columns, 40, which always fail 
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must expected the case actual columns. 

(2) pointed out Professor Turneaure, his discussion, “the varia- 
tion yield point and the form the stress-strain curve the vicinity 
value for structural columns.” 


Development Rational Design Formulas.—Following the proposed basis, 
rational design formulas are developed the paper for the case pin-ended 
column under two conditions loading: (1) The condition loading con- 
sidered Section the paper, which simply that two compressive 
end loads; and (2) the condition loading, considered the first part 
Section the paper, which that compressive end loads applied with 
given (not accidental) eccentricities, and For Condition (1) 
most convenient allow for the effects general imperfections assuming 
initial shape the column axis the form half-sine wave having 
maximum deviation from straight line through the ends The 
resulting formula for determining the loading which first produces yielding 
represented Equation (12). For Condition (2) most convenient 
allow for the effect general imperfections increasing the given eccen- 
tricities, and algebraically equal amounts, The resulting formulas 
for determining the loading which first produces yielding are represented 
Equation (19) and Equation (22). mentioned Professor Niles, design 
formulas can derived the same procedure for other conditions loading, 
for example, such combination axial and transverse loads. 


Considerable discussion hinged upon the writer’s choice 


allow for the effect general imperfections the fundamental case pin- 
ended column. One finds, among the discussions, suggested values ranging 


from given Mr. Gray, given Mr. Godfrey. The writer 


chose from study recommendations given various experimental 


investigators. Professor Turneaure suggests that this value seems too severe 
and points out that, result its studies, the Special Committee the 
Society Steel Column Research adopted crookedness value which corre- 


sponds approximately must kept mind, however, that 


the value, chosen the writer, intended allow, not only 


for crookedness, but also for accidental eccentricity load, variations 
cross-sectional area, and all imperfections general. For the most part, 
the Committee used special bearing-blocks which eccentricity load 
could controlled and, hence, conclusions can made from such tests, 
regarding the possible extent accidental eccentricities load the case 
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columns actual structures. The writer agrees with Mr. Wyly 
careful study conducted, not only the laboratory, but also the field 
shop, necessary for determining the proper allowance for the effeet 
general imperfections. Mr. Wyly’s discussion shows clearly the variety 
tors which must considered the adoption reasonable value for 
such factor Particularly does show that initial crookedness 
means the predominate factor among general imperfections and that errors 
alignment, etc., may result very high accidental eccentricities load, 


Thus, the writer does not believe that his proposal any 


means ultra-conservative. Mr. Wyly, however, presents good evidence the 
effect that the value taken for should include constant term plus term 
that increases with the length, 

Rational Formulas vs. Empirical (12) will serve 
basis for comparison between rational and empirical design formulas 
the straight-line and parabolic types. The principal advantage the rational 
formula that shows explicitly what factors affect the strength 
column and, addition, just what effect each factor has. For example, 
Equation (12) shows the strength pin-ended steel column depend 
upon the following factors: (a) Properties the material, represented 
and (b) the extent general imperfections, represented 


(c) the slenderness the column, and (d) the shape the cross-section, 


defined the core radius, compared with the radius gyration, 

The only argument ever advanced against the rational formula that 
cumbersome use practice. Regarding empirical design formulas, 
beyond question that the only argument their favor their simplicity. 

the arguments against them the writer can better than 
refer the discussion Mr. Durant, with which complete 
ment. Mr. Durant’s arguments against the empirical formula, one more 
may worthy addition; namely, that there definite psychological 
advantage having the designer work directly with rational formula 
which, like Equation (12), for example, keeps him constantly reminded 
the various factors that influence the strength the column with which 
dealing. this way may able take advantage, whenever possible, 
favorable conditions regarding one another the aforementioned factors 
and thus make some saving material improvement design. the 
other hand, works day after day with straight-line parabolic type 


formula which appears the only factor affecting the strength 


column, may soon forget the general characteristics column action 
and, particularly, the inherent uncertainties which with it. 

Columns with Other Than Pinned Ends—Regarding the adaptation 
Equation (12) the case column with other than pin-ended conditions 
support, the writer agrees with Messrs. Sturm and Holt and with 
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Hartmann that this can done using Equation (12) modified value 
given Equation (86). This important point since extends 
considerably the range application Equation (12). Furthermore, 
point that was not stressed the paper, and well that these discus- 
sions have called attention it. However, general method dealing 
with columns having other than pin-ended conditions support has its 
definite limitations and since these limitations were not mentioned the 
discussers is, perhaps, worth while call attention them. 

begin with, such procedure evidently takes for granted that when 
yielding first begins the extreme fibers, the column axis will have such 
inflection points that the “free length” between them will equal the 


reduced length, determined Equation (86). general, this 


circumstance will realized only virtue the existence two condi- 
tions. The first that, allow for the effect general imperfections, one 
assumes initial shape the axis the column which agrees form 
with the configuration elastic buckling consistent with the constraints. 

Only virtue such initial shape, will the “free length” between inflec- 
tion points remain constant during loading and equal the effective length, 


view the highly indeterminate nature general imperfec- 


tions, seems justifiable any case assume such initial shape, thus 
fulfilling the first condition effect not fact. The second condition 
which must realized that, during loading, any moments arising points 
constraint must independent change length the column due 
compression, because, regardless the choice initial shape, such 
secondary moments arise they will cause the “free length” between inflec- 
tion points change gradually during loading. For such cases not 


the load that first produces yielding. 

summary, the use Equation (12) modified value se, given 
Equation (86), for the calculation the load first producing yielding 
the case column with other than pin-ended supports will justifiable: 
(a) For all cases columns which the manner support such that 
the constraints are inelastic nature (see Fig. 31); and (b) for columns 
with elastic constraints, providing the arrangement such that bending 
the column, during loading, independent any change its length due 
compression (see Fig. 32). The same procedure will unjustifiable for 
columns with elastic constraints where the arrangement such that bending 
the column, during loading, depends upon change its length due 
compression (see Fig. 33). such those shown Fig. represent 
column action rigid-frame construction and require special consideration. 

The writer does not agree with Professor Turneaure that any allowance 
the form reduced length equal 85% the true length should 
made for possible end constraint due friction the case pin-ended 
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columns. Such procedure might justifiable all loads pin-con- 
nected structure were static, but the case bridges, subjected moving 
loads, vibrations the structure are certain set and 


(a) Th 


33. 


can easily result gradual rotational creep the ends pin-ended com- 
pression member. Thus, seems that frictional constraint the ends 
pin-ended column too uncertain factor justify any advantage being 
taken and that under certain conditions pin-ended column designed 
the basis Equation (94) may means have the intended factor 
safety. 

Columns Rigid Frame pointed out the paper 
that exact analysis column action rigid-frame construction too 
laborious practicable. Instead, proposed calculate all secondary 
end moments the usual approximate method and then use Equation (19) 
and Equation (22), curves, such those Fig. 12, plotted from these 
equations, basis for design. Such procedure amounts the assump- 
tion that the effective length the member the same its true length 
and also that the secondary end moments increase direct proportion 
the axial compressive force the member. Both these assumptions are 
conservative and hence the use Equations (19) and (22), curves like 
those Fig. plotted from them must, course, result some extra 
safety. However, many practical cases, this indeterminate degree 
extra safety means always large might expected. For 
example, the case truss, the chord members are usually much more 
rigid than the web members. result this the effective length 
web member will considerably less than its true length. the other 
hand, web members are usually bent double curvature that the maxi- 
mum fiber stress occurs one end and the member can designed the 
basis Equation (19) where question effective length involved. 
Again, emphasized Mr. Durant, chord members receive little constraint 
from the web members, and their effective lengths are approximately their 
geometric lengths. This particularly true when one considers the behavior 
chord member plane the plane the truss. Thus, 
such cases, there little prevent bending the chord members alter- 
nate directions successive panels. This raises the question whether 
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not the Special Committee Steel Column Research justified its 
selection effective length equal 75% the geometric for all 
cases compression members riveted truss. 

Built-Up Columns.—Regarding the strength built-up column 
unit (that is, assuming adequate lacing, diaphragms, etc.), Equation (12) 
can used basis for design introducing the fictitious length, L’, 
given Equation (27) Equation (28). this case, the fictitious length, 
greater than the true length, thus compensating for the additional 
flexibility the column due shearing deformation the lacing battens. 

Regarding the proportioning details, such lacing batten bars, 
make certain that the built-up column will act integral unit, Mr. Wyly 
raises considerable objection present specifications regarding this point. 
The writer believes that proper basis for the design such details pre- 
sented Part the paper. The manner allowing for the effect 
general imperfections, regards shear, discussed the second half See- 
tion and corresponding design formulas (Equations (33) and are 
developed Sections and The manner allowing for shear due 
secondary end moments which occur the case column truss, 
discussed fully Section and Equation (45) proposed basis for 
design. seen that the case short column under the most unfavor- 
able conditions, both general imperfections and secondary end moments, 
the necessary allowance for shear may high prohibit the use 
column non-solid cross-section. 

Mr. Durant points out that perfectly rigorous the derivation 
the equations Sections and the paper, the writer should have used 
the differential equation the elastic curve, Equation (97), instead 
Equation (96). Although this true the writer believes that the error 
the average shear stress, vy, given Equations (33), (39), and (45), 
can somewhat compensated for using, these equations, the curves 
plotted from them, the fictitious length, L’, given Equation (27) 
Equation (28). Incidentally, the error appears the side safety. 

Miscellaneous.—Messrs. Sturm and Holt attempt extend the range 
application Equation (12) the determination the buckling 
load the use reduced Eulerian value, s’, defined their Equations 
(83), (84), and (85). However, they give justification for such pro- 
cedure, except that values from their Equations (87) and (88) 
agreed “satisfactorily” with certain test The principal obstacle 
the use, Equation (12), reduced Eulerian value, calculated the 
use reduced tangent modulus, that such substitution (see Equa- 
tion (87)) amounts the assumption that the material throughout the full 
length the column behaves accordance with this reduced modulus, 
whereas this inelastic behavior usually confined relatively short portion 
the length the column. 

Mr. Hartmann proposes column formula (Equation (108)), the use 
which advocates actual design. Mr. Hartmann’s exceedingly careful 


Comm. for Aeronautics, 307, June, 


{ 
: 
} 
| 
. 
4 


500 YOUNG RATIONAL DESIGN STEEL COLUMNS 


definition the factor safety, scarcely seems consistent with the manner 
which, subsequently, illustrated the application this formula. The 
writer cannot agree that Equation (108), when used Mr. Hartmann advises, 
bears any similarity the basis design proposed the paper. 

Professor Niles shows how the equations Sections and can simpli- 
fied somewhat for practical use retaining them the variable, zm, which 
defines the position the section maximum bending moment. His Equa- 
tions (54) (58) should prove useful any one who desires plot sets 
curves like those Figs. and 18. 

Mr. Hartmann questions the comparison made Fig. between the 
writer’s equations for allowance for shear pin-ended column and the 1925 
Specification. assumes that the factor safety has 


been overlooked and suggests that values instead should have been 


plotted, which would have had the effect lowering all the writer’s curves 
matter fact, what the writer did was double all 
ordinates the straight line representing the Specification 
the assumption that intended factor safety approximately two. This 
surely equivalent Mr. Hartmann’s suggestion. 

closing, worthy notice, brought out Professor Baker, that 
rational column formula, including the effect all factors Equation (12), 
except that the shape the cross-section, has been incorporated the 
British Standard Specification for the Use Structural Steel Buildings 
and that British Steel Structures Research Committee considering the 
problem steel columns subjected secondary end moments, the case 
compression members rigid frame construction. hoped that this 
paper may have some influence bringing the design steel columns 
the United States more rational basis than represented present-day 
practice. The writer agrees completely with Mr. Gray his statement that 
the paper “touches only lightly the subject”, but agrees also with Mr. 
Godfrey that “its attack the right direction.” 
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ANALYSIS THICK ARCH DAMS, INCLUDING 


ABUTMENT YIELD 
PHILIP JUN. AM. Soc. 


Synopsis 

graphical solution stresses circular arch under the influence 
normal loads presented herein. These curves differ from those previously 
published, that they include the effect abutment yield. Furthermore, 
finite value for Poisson’s number used rather than the infinite value previ- 
ously assumed for simplication. 

Although novel method analyzing arches introduced, the derivation 
the final stress equations traced because combines advances made 
Cain, Jakobsen, Vogt, and others. The forms the equations are greatly 
altered, order facilitate computations and the plotting graphs. 

Some examination made determine the quantitative effect variations 
the necessary assumptions the values the modulus elasticity rock, 


and Poisson’s number. example the use the curves appended. 


INTRODUCTION 


the past several years, great strides toward more rational solution 
the stresses arch dam have been made numerous contributors. 
necessity, the authors these papers assumed either fixed hinged-end con- 
ditions, and precise mathematical relations were built this basis. 
effort consolidate the gains made this particular field indeterminates, 
Fowler, Am. Soc. E., prepared series from which 
the stresses the critical sections crown and abutment may obtained. 


That such graphical procedure necessary for general practical use may 


January, 1935, Proceedings. 
Engr., Los Angeles County Flood Control Dist., Los Angeles, Calif. 


n Formulas,” by F. H. Fowler, M. Am. Soc. C. E., Transactions, Am. 
Soc. C, B., Vol. 92 (1928), p. 1518. 
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verified easily examining the complex equations arising from the mathe 
matical treatment. 

For relatively thin arches, the assumed end conditions not introduce 
appreciable error. However, generally recognized that, for relatively 
thick arches, the assumptions give stresses that can only considered 
approximate. 

That the final reliance the design such structure arch dam 
must rest upon the judgment experienced designer can scarcely 
gainsaid. However, although exact solution the stresses statically 
indeterminate structure almost never hoped for, the judgment 
the designer can assisted more adequately analysis that includes 
all the known factors the same magnitude importance than one that 
neglects one two such factors. 

Quantitatively, light was first shed the bothersome subject abutment 
yield Fredrik Vogt, Assoc. Am. E., 1924, and again 
Unfortunately, the stress equations arising from the inclusion this factor 
and Poission’s effect, are many times more unwieldy and impractical for 
general design use than the equations that exclude these factors. That the 
complexity these equations should mastered evidenced the fact 
that, many instances, there may possible saving concrete when 
the arch analyzed the basis yielding abutments, because the more 
equable distribution stress between crown and abutment. 

Discussion the division load between cantilevers and .arches not 
pertinent this paper because was possible construct the graphs that 
the curves would applicable regardless the proportion load 
determined, assumed, carried the arches. Wherever possible, 
detailed derivation eliminated and reference made the origin. 

the notation advanced herein (see Appendix), effort has 
been made reconcile the conflicting symbols introduced several writers, 
with the American Standard Symbols for Structural Engineering, 
and Testing Materials.‘ 


Stress 
Arch Ring the customary sign conventions (that is, 


linear deformations are positive when they are elongations; stresses are positive 


when they produce positive deformation; and, water pressure, pe, taken 
positive), Cain and Jakobsen derive the relation for arch ring, shown 
Fig. 1,° follows: 


die Berechnung der Fundamentdeformation,” Fredrik Vogt, Assoc. 
Am. Soc. Math. Naturv. Klasse 1925, No. also “Stresses Thick 
Discussion Professor Vogt, Transactions, Am. Soe. B., Vol. 

“Stres Thick Arches Dams,” Jakobsen, Transactions, Am. Soc. 
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The following pertinent relations also are derived: 


and, 


which, and are the moment, thrust, and shear, respectively, any 
arbitrary section angle, from the crown. 

Foundation Deformations.—Although the ideal case, upon which Professor 
Vogt’s foundation deformation equations are can never exactly 
attained practice, the quantitative information derived probably correct 
within usable range accuracy. gratifying check his theoretical and 
empirical forms has been made the Committee Engineering Foundation 
Arch Dam 

Fig. Professor Vogt presents hypothetical cantilever length, 
and thickness, plan, the loaded area equal Under the influ- 
ence the load, (assuming plane sections remain plane), any deforma- 
tion the foundation may resolved into the components, An:, Av, and 


the Committee Engineering Foundation Arch Dam Investigation, 
Vol. May, 1934, pp. 225 232, inclusive. 
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terms and M,, the base, their values are follows: 


and, 


force per unit length; cos shear force per unit length; 
and cos moment force per unit length. 

Where the moment referred the center, gravity, axis, Equations (6), 
(7), and (8) are reduced to; 


R 
(10) 
and, 


which the values and are obvious comparison. 
For the arch, the moment force about the gravity line is, 


and and are the same and Equations (4) and (5), respec- 
tively. Inserting these values and M,, into Equations (6), (7), 
and (8), and taking the components and normal the crown 
radius, the foundation would allow crown-section movement of: 


Ar = [V; sin ¢,; N, cos ¢,] mie 


R 


or, expanded and re-arranged: 


q 
J 
| 
| 
q 
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Derivation Variables, and Including Yield—Using the two known 
end conditions the crown section, due symmetry, namely, Equations (16) 
and (17): 
and, 
and substituting for the product, re, two equations are derived terms 


3 


Tn 


f 
) 
and, 
n Pi 
l 
| | 
and, 
c 
[ <] = 0 
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The solution Equations (18) and (19) simultaneously may simplified 
greatly convenient grouping variables such that: 


3 


Substituting Equations (20) (25) Equations (18) and (19), the 
following more manageable forms are derived: 


and, 


(26) 
and, 
or, solving simultaneously, 
and, 


Stress Equations and Cain has derived the 
equations stress for thick arch the form: 


the Crown: 


q 
| 
7 
q 
| 
f 
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and, 
the Abutment: 
a + Cc 
and, 


log, 


Equations (30) (33) may converted into form convenient for 
computing and platting noting that, 


Tr 


and, 


Making the necessary substitutions, Equations (30) (33) reduce to: 
the Crown: 


and, 


the Abutment: 
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The equations introduced this paper correspond with comparable equa- 
tions derived Cain with the added advantages that the effect yielding 
abutments and finite value ratio are taken into 
sideration. simplify the use these equations set graphs 
necessary, similar those presented Fowler 1927. Figs. and 
are examples such curves. These graphs are based the following condi- 
tions, assumptions, simplifications: (a) The arch circular and uniform 


E. 

elasticity shear); (d) the trace the abutment plane normal the 
arch rib; (e) the loading over the entire arch uniform; (f) the stress due 
are positive. 

the values and selected for the computations are open con- 
jecture, the effect reasonable variation from the chosen values 
examined. The result solving specific example, which the effect 


abutment yield quite appreciable (since the ratio, large), shown 


ArcH witH YIELDING ABUTMENTS 


Crown ABUTMENT 
Variant 


Extrados Intrados Extrados Intrados 


Fixed abutments; m =8 ............. —1.18 —0.13 +0.41 —2.77 


Table 1(a), where the stresses when 75% and 125% are 
compared with those obtained when assumed that this 


and, 
| 
q 
7 
q 
7 
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Table 1(a) are derived with the assistance Figs. 3(a), 4(a), 5(a), and 6(a), 
first entering the charts from the bottom the given value 


degrees. Then continue vertically intersection with 
the proper curve 0.5. The stresses for unit head the hori- 


zontal lines through these intersections may then read. 

The greatest variation from the assumed amounts only approximately 
0.10 per in. for unit head, which, for 100-ft head, would change the 
stresses only per in. 

Table 1(b), the stresses when are compared with those when 


the value adopted for the curves. the previous example, 0.5, 


120°, and and the stresses are derived means Fig. 3(a), 


4(a), 5(a), and Furthermore, order, show the comparative effect 
including abutment yield, the stresses obtained with the assumption 
fixed ends, Fowler’s curves, are included. 

Table 1(b) indicates that the stresses are quite insensitive fairly large 
variations the value For this typical example, furthermore, the 
yielding abutment calculations show more equable distribution stress 
between crown and abutment increasing the critical crown extrados stresses 
and reducing the critical abutment intrados stresses. this particular 
example, tension the abutment extrados found the fixed-end assumption 
substituted small compression upon introducing the yielding foundations. 


DEMONSTRATE THE THE CuRVES 


radius 100 ft; 65°; head water 150 ft; and that the arch 
75% the load. This problem solved determining stresses 


separately from Figs. and for and 12. The unit-head 


ABUTMENTS 


2 12 7 
+0.72 +0.88 +0.80 + 90.0 


stress for then found interpolation. The final process illus- 


trated Table obtain the arch stresses from the unit-head stress, 
values unit stresses Table are multiplied 150 0.75. 


= 


510 


=o @ 


ANALYSIS THICK ARCH DAMS 
| 
° 
& 
& 
° 
i 


“SNOILVGNNOG ONIGTRIX “SNOILVGNQ04 
ul ‘eyBuy See18eq ul ‘e;8uy jespued 
OOT 09 Ov 


Ort Oot 09 Ov 


d Ul ‘SSe 155g 


a 
o 
< 
— 
77] 
< 


spuno 


511 


ANALYSIS THICK ARCH DAMS 


ACKNOWLEDGMENT 


The writer wishes express his appreciation John Cox, Jun. 
Soc. E., for some valuable assistance rendered checking curye 
computations. 


APPENDIX 


The following notation for the guidance discussers: 


Q, 


breadth. 


radial distance between the neutral axis and the gravity axis 
the arch barrel; subscript, denotes “concrete.” 

depth. 

eccentricity; subscript, denotes “extrados.” 

unit fiber stress. 

approximate height loaded abutment. 

subscript denote “intrados.” 

radius gyration. 


Poisson’s number; Poisson’s ratio. 


substitution factor (see Equations (38) and (39)); sub- 
script, denotes “neutral axis.” 

pressure per unit area; normal radial pressure acting the 
arch along the extrados. 

radius; radius the gravity axis the arch ring; radius 
the neutral axis the arch ring; radius extrados; 
radial distance along the crown radius, the point 
which necessary apply Force order eliminate 
crown rotation. 

stress; unit stress the extrados; unit stress the 
intrados. 

thickness; radial thickness the arch. 

unit shear. 

radial deflection. 

constant; subscript, denotes “crown.” 

modulus elasticity; modulus elasticity concrete; 
ticity, shear. 

subscript denoting “yielding foundation.” 

head. 

rectangular moment moment inertia about the 
neutral axis. 
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polar moment inertia. 


moment; moment any arbitrary section, angle, from 
the crown; moment, the abutment. 

thrust any arbitrary section, angle, from the crown; 
normal force, the abutment. 

thrust normal section the crown; thrust normal 
section the abutment. 

substitution factor (see etc.). 

reaction; subscript, denotes “rock.” 

temperature. 

total shear; shear any arbitrary section, angle, from 
the crown; shear force, the abutment. 

total load. 

additional crown force applied normal the radius passing 
through the crown, necessary bring the crown section back 
its original position. 

angle with the normal, radial. 

specific 

deformation; deformation the crown section normal 
its radius; deformation the crown section due yield- 
ing foundation. 

unit elongation. 

coefficient thermal expansion. 

substitution factor (see Equation (9)). 

substitution factor (see Equation (10)). 

angular distance. 

substitution factor (see Equation (11)). 

radius curvature. 

summation of. 


constant 


2 
central angle; angle any radius with the radius through the 


crown. 

rotation section; angular rotation the crown section 
from radial line; angular rotation the crown sec- 
tion the result yielding the foundation. 


= 

= 

ar 
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DISCUSSION 


the method which the effect abutment deformations stresses 
circular arch ring can estimated, offered this paper. The author 


the stresses can determined directly function and the central 


angle, 2¢,. The method considers the deformation the neutral fiber 
the arch ring decreased the effect Poisson’s ratio and the introduc- 
tion finite thickness the arch. Furthermore, based the 
assumption that plane sections remain plane after deformation. ignores 
any possible interference from adjacent arch rings. known, the method 
conventional, being derived from the use thin railroad arches, which 
the ratios cross-sections the length the axial line are small. Its 
advantage the workable form the equations. the other hand, 
any attempt introduce the effect the finite thickness and Poisson’s 
ratio the form interaction between the radial and tangential stresses 


‘leads unusually complicated 


When important structure under consideration, method based 
the general equations the theory elasticity should used preferably. 
For instance, applying such method that developed Comstock,’ 


with 1.0, one finds the results indicated Table 3(a). For arch 


ring with 0.02 and 47°, Table 3(b) will give the comparative 
T 


results. 
noted that when the elastic properties the material the 
arch are considered there notable increase tensile stresses arches 


with large ratios and small central angles. the development the 


results Table was assumed that the plane between the adjacent arches 

remains plane and that shearing stresses occur within this plane. 
Referring the derivations the paper, the writer wished arrive 

the author’s results following different line reasoning. Consider 


Senior Engr. Hydr. Structure Design, State Dept. Public Works, Sacramento, 


*“Stresses Thick Arches Dams”, Jakobsen, Transactions, Am. 
C. B., Vol. 90 (1927), pp. 500-507. 


“On the Stresses Arch Dams”, Comstock, Y., 1931, pub. the author. 
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(Tension Positive) 


or DiveRGENcE 


Theory 


Crown Abutment Crown 


Ex- In- Ex- In- 
trados trados trados trados 


Abutment 


Ex- In- 
trados trados 


Ex- In- 
trados trados 


—2.75 1.99 3.89 | —5.46 0 0 | 0 0 
Pt «casessdevesans | —1.10 1.80 5.88 —5.46 —60 | —10 66 48 
Curved beam............. —74.5 | —18.1 —6.1 | —89.2 0 0 0 0 
Te —68.4 {| —26.5 | —14.1 | —79.8 —8 | 46 | 23 | —l1 


circular arch ring uniform thickness, loaded with the uniform radial 
load. Its main, statically determinate, system shown Fig. 7(a). 
For this system the moments, thrusts, and shear are known, follows: 
Fig. 


Equation (44)” indicates that the funicular frame the loads and the 
neutral line the arch are spaced distance, 

the left abutment fixed, shown Fig. 7(b), and the right end 
the arch supported with rigid cantilever extending the elastic 
center, three unknown redundant forces, and are thus introduced, 
which will determined the deformations which they should counteract 
are made known. 

Using the general equation elastic work and considering only the 
work, the tangential and shearing stresses: 


+p, Te +, Te 


which, the unit tangential stress due bending moment; 
the unit tangential stress due thrust; the unit tangential stress due 
shear; and, the corresponding total deformation. 


\ 
1 
2 
| 
4 
A 
| 
0, 
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The unit stresses cross-section and the corresponding deformations 
are shown Fig. This stress and deformation distribution modified 
near the supports the influence the deformation abutments, but 
unknown extent. 

The unit tangential stress due water pressure and the force, will be: 


(46) 


Spt 


Elastic 
Center 


Neutral Axis 


and the uniform deformation due this stress expressed the equation: 


cos 


y 
q 
sin > 
Geometric 
¢. Neutral 
Ax, 
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Fie. 


The unit tangential stress due the bending moment produced the 
water pressure and the. force, will be: 


and the total deformation due this stress expressed by: 


accordance with Fig. 7(b), the total stresses section 


and, 


not enter (50). 

The relative displacement the End the rigid bracket directed 
along the will accordance with Fig. 7(c) and Fig. 7(d): 


) 4 
Sor Sint pt 
Geometric 
Neutral 
i | | Axis | 
/ 


. 
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Along the Y-axis, unimportant because The rotation 


the rigid bracket will be: 


The derivatives the work for the half arch are: 


and, 
The coefficients, Equations (52) and (53) are: 
and 2.88. deriving these coefficients all the factors 


producing less than the divergence the stress were omitted. 
With the sign convention adopted the normal and tangential 


ments and rotation the abutment will be: 


Ay=-— —+ . (54d 

and, 

M, 


After substitution Equations (50) and (53) into Equations (51) and 
(52) and subsequent integration, the following expressions are obtained for 
evaluating the unknowns, and 


n 1 


Ta sin ¢, r sin ¢, 7 


t Tn t t 
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and, 


E. 


Equations (53) can rewritten follows: 


and, 


The solution these equations gives: 


and, 


The coefficients Equations (57) are: 


sin 


E, Tr 


1 


sin2 


(58d) 


rs A — A’ vee 
sin r sin Tr 
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and, 


Equations (58) may checked against Equations (18) (25) the paper 


tion with Equation the paper, from which follows that 


After substituting these expressions into Equa- 
1 


tions (51), (52), and (53), Equations (18) (25) the paper are obtained. 
question the relative importance Poisson’s ratio and the 
deformation abutments arises. Table shows comparison stresses, 


TABLE 4.—Comparison 


(Tension Positive) 


0.01 oo 0 —44.2 | —43.0:| —41.9 | —45.3 |] 0.005 0 0 0 0 0 
0.01 5 0 —44.2 | —43.0 | —41.9 | —45.3 | 0.005 0 0 0 0 0 
0.01 Cy E.* 1 | —44.2 | —43.0 | —41.9 | —45.3 | 0.005 0 0 0 0 0 
0.01 5 E.* 1 | —44.2 | —43.0 | —41.9 | —45.3 | 0.005 0 0 0 0 0 
0.01 oo E.* | 30 | —44.2 | —43.0 | —41.9 | —45.3 | 0.005 0 0 0 0 0 
0.01 5 E.* | 30 | —44.2 | —43.0 | —41.9 | —45.3 | 0.005 0 0 0 0 0 
0.15 o 0 —4.20 | —1.07 | 40.48 | —6.78 | 0.28 0 0 0 0 0 
0.15 5 0 —4.20 | —1.07 | +0.42 | —6.76 | 0.27 0 0 j—11 0 0 
9.15 oo 1 | —4.23 | —1.12 | —0.11 | —6.16 | 0.24 |. 0 +5 
0.15 5 E.* 1 | —4.22 | —1.14 | —0.14 | —6.17 | 0.24 0 +7 —9 | —13 
0.15 oo E,* | 30 | —4.45 | —0.78 | +0.20 | —6.46 0.27 +6 | —27 |-—58|—4 0 
0.15 5 E.* | 30 | —4.43 | —0.81 |] +0.16 | —6.42| 0.27 +6) —24 |—66 | —5 0 
0.50 oo 0 —0.42 | +0.17 | +0.36 | —1.13.| 0.38 0 0 0 0 0 
0.50 5 0 —0.51 | +0.19 | +0.26 | —1.08 | 0.37 +20} +12 |—28|-4| -2 
0.50 oo E.* 1 |'—0.78 | +0.67 | +0.00 | —0.67 | 0.39 +85 | +286 —41| +1 
0.50 5 E.* 1 | —0.78 | +0.62 0.00 } —0.68'| 0.38 +85 | +259 —40 0 
5.50 oo E.* | 30 | —0.86 | +0.84 | —0.04 | —0.54| 0.40 | +104 |) +386 i—52) +3 
0.50 5 B.* | 30 | —0.85 | +0.80 | —0.05 | —0.54,}, 0.40 | +101 | +363 —52| +2 


Finite. Reversal sign. 


pounds per square inch, for and arch rings varying from 
very thin arch, with very large central angle, very thick arch with 
very small central angle. Table also gives the percentage divergence 
stresses from those computed conventional method; that is, with 
small with and with rigid abutments. 


The unit stresses Table were computed the combined expressions, 
Equations (46) and The bending stress due water pressure expressed 
the first part Equation (48) numerically equal +0.20 per 


for the arch, with 0.15, and +0.07 per in. for the arch, 
Tr 


| 
j 
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with 0.50. This stress minor the crown, but 


The data Table indicate that arch ring average thickness 
and with average central angle the divergence about 
10%, and only the deformation abutments. causes greater divergence. 
For thick arch ring with small central angle, the divergence due 
Poisson’s ratio about 20%, whereas that due the deformation abut- 
ments times this amount. divergence shearing 
stresses negligible. 


The limits the ratio, 80, were assumed, order visual- 


ize the effect the extremely large deformations, although actually this 
ratio will never greater than was originally applied Fredrik 
Vogt, Assoc. Am. Soc. E., for the case abutment constant 
thickness, and with the forces, and uniformly distributed along 
the height, the case arch dam this condition not fulfilled; 
both the thickness, and the acting forces vary along the pro- 
ducing warped surface original abutment plane (which ordinarily 
warped surface from the start, due the requirements the excavation). 

The problem becomes complex and practical issue for its solution must 
found. the arch rings unit height, well the areas near the 
abutment were separate one from another, then under the forces acting they 
would displace relation each other, the keys piano, each one 
independent element. The relative elasticity and continuity the founda- 
tion makes the deformation spread the neighboring units certain 
distance. From list seventy-four arch dams California the writer 


found that the ratio, the crest varied from 0.046 1.000 


(average 0.200) and the base from 0.009 1.000 (average 0.042). the 
entire height the dam was assumed the same ratios would be: 
the between and (average, 16); and, the base, between 1.4 and 


(average, 5). the deformation coefficients, and increase with 


the selection larger values will the side safety but even 


with increase five ten times the ratios referred to, will only 
about equal The which the entire height the dam con- 
sidered not seem justified. 


(by title this practical paper and the 
introductory remarks made therein, are rather misleading, because the plotting 
curves not analysis graphical solution problem. The author 


Los Angeles, Calif. 
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utilizes known theory arranging its results the form diagrams for 
use practice. From this point view, course, the paper valuable 
addition the literature the subject. 

The usefulness graphs would greatly increased they were made 
independent the system units. The author’s diagrams, and those for 
arches with fixed abutments, referred the paper, have common draw 
They cannot utilized countries which the metric system 
units used. possible, however, arrange the diagrams way, 
make them independent this restriction. Kelen, his well-known 
book arch and multiple-arch dams, for instance, gives graphs that can 
used independently the system units.” 

would appreciated the author could include his closing 
sion, graphs that not have the aforementioned restrictions. this not 
feasible, brief outline demonstration how such graphs are plotted would 
welcome addition. 


paper involving such ponderous equations those concocted the writer, 
indeed satisfying him obtain verification his basic equations 
independent method such that provided Mr. Nelidov. That the 
more laborious general equations elasticity should preferably used 
the design important structures, stated Mr. Nelidov, debatable 
matter opinion. can scarcely denied that exact solution for 
actual case practice can probably never obtained, because there are always 
such factors the irregularity the dam site, dissymmetry relative any 
given center line, variations the properties the abutments when traversed 
from side side, 

Because such practical considerations, the writer believes that 
exact theoretical solution may prove more bothersome, and scarcely more 
reliable, than method which strives consider all stress factors equal 
magnitude importance plus the judgment experienced design engi- 
neer. The curves presented the paper enable designer visualize 
quantitatively the effect yielding abutments stresses thick arch dams. 

However, because the basic fact that the stresses statically inde- 
terminate structure, such arch dam, are fundamentally independent 
the scale, regardless the number stress determinants that are consid- 
ered, there must some mathematical set-up, similar that devised the 


writer, which the final equations vary with and Thus, only 


question regimenting computations evolve curves that give stresses 
for any number contributing factors introducing the slightest variation 
the resultant stresses. 


Staumauern,” von Berlin, 1926. 
Engr., Los Angeles County Flood Control Dist., Los Angeles, Calif. 


. 
- 


CRAVITZ ANALYSIS THICK ARCH DAMS 


Regarding the desire expressed Mr. Floris obtain the curves 
universal system units, may sufficient indicate that the stresses 
given the curves may easily converted any other desired system 
the multiplication constant. For example, obtain the stresses, kilo- 
grams per square centimeter, multiply all values obtained from the curves 
0.23 times the height water head, meters. 
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ELASTIC PROPERTIES RIVETED 
CONNECTIONS 


designing floor-beams for steel-frame buildings, customary 
neglect the restraining effect end connections and assume that the 
beams are hinged the ends. many other problems stress 
steel frames, customary treat the connections completely fixed, 
rigid. 

While recognized that the end connections provide some degree 
restraint there has been means allowing for because one has 
known, numerically, how much restraint there is. One could not safely take 
advantage any saving resulting from the resistance due bending, created 
the connections. 

Tests eighteen end connections the three most common types 
steel beams, form the basis this The writer has shown low these 
data may applied the design, not only single beams, but also the 
investigation the stresses frames, composed beams and columns, joined 
these typical riveted connections. 

His analysis shows that economics design can effected safely 
some cases. also gives the engineer more complete understanding the 
action standard beam connections, and indicates several problems for further 
research. 


January, 1935, Proceedings. 
Prof., Civ. Eng., Coll. the City New York, New York, 


Prepared from dissertation presented Columbia University partial fulfillment 
the requirements for the degree Doctor Philosophy the Faculty Pure Science. 
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The purpose this paper record data derived from series tests 
standard riveted beam connections and show the method incorporating 
this information the analysis steel frames. These tests were conducted 
the Materials Testing Laboratory the School Technology the Col- 
lege the City New York. Some idea afforded the rigidity several 
types connections and the effect yielding these connections the 
stress distribution steel structures, such building frames. 

All the so-called “exact methods” solution the building frame under 
loads are based the assumption (among.others) that the horizontal mem- 
bers are rigidly connected the vertical. This may lead serious error. 
Unlike the assumption that the members not change length under stress, 
the effect yielding the connections cannot determined the analyst 
alone. Laboratory experiments are necessary order establish constants 
incorporate into any analysis that may made. 

Little has been published this important subject; date, only few 
isolated tests have been made riveted connections for the purpose obtain- 
ing some measure their capacity resist moment. 1917, series tests 
was made the University Illinois, Urbana, Young, Am. 
Soe. E., has conducted tests the University Toronto, Toronto, Ont., 
Canada, primarily for the purpose comparing riveted, with welded, connec- 
The writer knows other tests, all extensive, the subject. 

Although probable that many the connections encountered 
wind-stress design buildings will larger than those represented the 
data herein submitted, the results this investigation should serve guide 
evaluating the properties the larger connections. The capacity the 
testing machine limited the size the specimens tested. 

The paper consists two parts: Part report series physical 
tests determine the relationship between the angular change riveted 
beam connections and the moment inducing these changes; and Part shows 
the necessary changes that must made the formulas used the several 
current methods analysis order allow for the elasticity the riveted 
connections. 


PART TESTS RIVETED CONNECTIONS 


Test SPECIMENS 


Ordinary shop practice was followed fabricating the specimens used 
this work, special care being taken because the fact that the specimens 
were subjected tests. 

The physical properties the steel the various specimens these tests 
are given Table 


Bulletin No. 104, Eng. Experiment Station, Univ. Urbana, 


report this set tests was read the Annual Convention the American 
Society Civil Engineers Chicago, 1938, and pub. the 
Research, July and August, 1934. 
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TABLE 


PER (PERCENTAGES) 
Percentage Percentage 
Weight, elongation reduction 


per| Elastic Tensile Phosphorus Silicon 
oot 


limit strength 


H-140.... 167 200 340 53.1 0.037 
22.... 101 220 540 61.4 0.030 
16.... 540 420 56.9 0.032 
15.... 950 470 59.1 0.034 
24.... 105. 860 640 50.2 0.031 
60.0 0.032 

58.25 0.036 


Eighteen specimens (see Figs. and representing many connections 
were tested for the purpose furnishing data from which their elastic resis- 
tance moment could obtained. These specimens may divided into three 
types: Series Specimens (Fig. 1), are standard clip-angle 
tions; Series Specimens (Fig. are seat-angle connections; and 
Series Specimens (Figs. and are series shallow wind- 
braced connections. Specimen was designed furnish some information 
the effect the post the joint. Series and rivets were 
driven holes. Series except Specimens and 14, 1-in. rivets 
were driven holes. The lighter pieces were punched and the heavier 
ones were drilled. 

Each specimen consisted central plate with I-beam abutting 
either side fastened means the standard connection investigated. 
The specimen thus formed was tested applying load the central plate, 
while was supported the outer ends the I-beams. Thus, the specimen 
acted simple beam loaded the center and known moment was induced 
the two connections. 

Series represents type connection that not designed primarily 
resist moment, and customary consider these connections hinged. 
However, they have some measure elasticity and was hoped that these 
tests would furnish the data necessary enable designer estimate this 
elasticity those. cases where seriously affected stress distribution. 
designing Series standard connections were chosen from those published 
Handbooks issued steel manufacturers, taking the double-riveted connec- 
tions and the companion single-riveted connections for the 8-in., 12-in., and 
18.-in. I-beams. Thus, study double riveting affected the stiffness 
the connections was made. The spread size from the 8-in. the 18-in. 
I-beams was great was considered practicable. the 6-in. standard 
connection probably the most common, was added the series. com- 
parison the several connections showing the effect adding second row 
rivets can made studying Fig. 
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Series and tested order find the stiffening 
angles. Owing the superior lever arm these angles over those 
Series these connections proved comparatively stiff (see Fig. (a)). 
Although not common practice place seat angles both the top and 
bottom the I-beam, was thought that better balanced connection for 
the purpose these tests would thus obtained. variation from common 
practice was made the width the angles and the combination seat 
angles and clip angles. From comparison the curves thus obtained (see 
Fig. (a)), hoped that one can form some estimate these several 
factors. 


joment in Millions of inch-Pounds 


Moment in Thousands of Inch-Pounds 


: Rotation in Radians 


Series represents one type, and common one, shallow 
wind-braced connections. definite standards were available, the writer 
designed these units. Specimen was designed that the failure due 
tension the rivets might anticipated and that, before such failure would 
occur, the shear rivets would badly overstressed: Specimen the ten- 
sion rivets were increased number over those Specimen 13. 
was re-design Specimen for heavier construction, and Specimen 
companion Specimen 15. The comparison these two should give some 
idea the effect inserting post place the plate. Specimens and 


designed permit study the effect double row tension rivets. 


The members this entire series are graded size from the 


The specimens which the anticipated load was less than were 
tested screw machine that capacity. I-beam was laid the bed 


0 
0 0.002 (0.004 0.006 0.008 oo10 0.001 0.002 0.003 0.004 0.005 0.006 0.007 
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the machine order support the bearing-blocks; the load was applied 
the rate 0.05 in, min; and the machine was kept balance, 
load was not increased, while the readings were being taken. For specimens 
which the anticipated load was greater than the capacity the 
machine the tests were made hydraulic machine 300 capacity, 
and the bed was extended before. The supporting beam was from the same 
stock the specimen and deflection readings permitted comparison 
between the beam and the connection. 

All the specimens were whitewashed accentuate strain lines and 
deformation the rivets and plates. During each test, careful record was 
kept the deflection the center plate relative the end supports. This 
aided the operator the machine materially judging the increments load 
and the time which the test should stopped. The amount this 
tion was obtained means two Ames dials supported bar that rested 
rods fastened the ends the specimen. The stem the dial was con- 
tact with bracket secured the central plate, shown Fig. During the 


Fic. 16, SHOWING POSITION THE SEVERAL 
AND METHOD BRACING SPECIMEN AGAINST BUCKLING. 

test the average the two dial readings was plotted, but the resulting curve 
has not been incorporated this paper; nor has been used computing 
the accompanying curves. For such curve value, corrections would 
have made for the shear deformation the joint and for the elastic 
deformation the beam itself. Although these corrections are appreciable, 
the dials proved advantageous for the purpose intended. For the tests 
Series and the side bars were brass, in. in. and 
for Series and Specimen 18, 3-in. duralumin channel was used. 

For simple beam under uniform load, with deflection its 
span, the angle rotation the end the beam about 0.009 radian. 
When possible, the tests were continued until the deflection the connection 
exceeded this value. few cases this was prevented the limited capacity 
the machine. 
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Four dials, reading 0.0001 in., were used obtaining the angular rota- 
tion each connection. the case Series they were clamped directly 
the flange the I-beam with their stems resting against the central plate. 
This type set-up could not used the remaining tests. the case 
Series the seat angles were the way the clamps, and, some shear 
would occur between these angles and the I-beam, different design was 
required. The flanges the stubs the I-beam Series interfered with 
the stem the dial, and, addition, the web the stub interfered with the 
clamps Series The special holder shown Fig. was made carry 
the dials Series and was designed furnish three-point contact 
when clamped between the flanges the I-beam. first designed the pointed 
serews the holder were made solid, but this proved unsatisfactory because 
the beam deformed under stress, causing one point become loose. correct 
this the points were placed springs, shown Fig. 5(b). 


Tool for Holding Dials 12-in. Beam 


(c) Extensions for 16- and 
ROTATION CONNECTION 

the tests Series the stems the dials rested directly the control 
plate. the tests involving the stub I-beams (Series and Specimen 18), 
the stems the dials could not brought direct contact with the central 
plate, steel bands iron in. in.), were placed around the stubs and 
seeured the plate set screws the elevations where the dial stems would 
come contact with them (see Figs. and 6(c)). Care was taken that the 
bands did not touch any part the specimen except through the set screws, 
thus assuring the condition that they were stationary relative the plate. 

Series and another set dials was secured the flange the 
but back the connection, shown Figs. 6(b), and 6(c). 
Readings from these dials were for the purpose securing data that would 
value accident occurred any the other rotation dials during 
the test. The data thus obtained have not been incorporated this paper. 


Fig. shows schematically the location the various dials and the general 
set-up the tests. 


TESTS AND FAILURES 


Each specimen was tested loading the central plate, thus inducing 
one-fourth the load times the span and shear one-half the 
each connection. Fig. 7(a) illustrates the manner which connec- 
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Fic. 6.—LocaTion oF DIALS, POSITION OF BANDS, AND METHOD OF APPLYING LOAD. 


(A 
‘+ 
++ ~+ 
L 


ELASTIC PROPERTIES RIVETED CONNECTIONS 533 


tions Series failed. The angles deformed badly without visible distress 
the rivets the I-beams. The tests seem confirm the general impres- 
sion that this type connection can subjected considerable angular 
deformation without seriously affecting the capacity the connection 
take shear. 


Figs. 7(b), 7(c), and 7(d) illustrate the manner which the three types 
studied Series failed. Compared with Fig. Fig. 7(b) shows the 
effect widening the seat angles, whereas Fig. 7(c) shows the combi- 
nation clip angles. is. noted that the serious stresses, 
apparently, are confined the lower seat angles, and some cases the 
the lower seat angles, but not the I-beams. From this, might 
inferred that the connection can stiffened materially increasing the 
thickness the angles. (In the test specimens all cases these angles 


| 
H 
| | 
{ 
(a) SPECIMEN (b) 
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are However, for given deformation, this would lead increased 
unit stress. The effect lengthening the seat angle may noted com- 
paring the failure Specimen with that Specimen 12, Fig. 


(a) Specimen 11. (b) 12. 
Fic. 8.—FAILURE SPECIMENS AND 12, 


Figs. and illustrate the manner which specimens Series 
failed. The rivets Specimen (Fig. 9(a)) failed tension, and this 
connection showed weakness the rivets early the test. All shear rivets 


(a) 13. (b) 15. 


showed considerable deformation -and, doubtless, the previous failure 
the tension rivets had not occurred, the connection would have failed 
horizontal shear, with slight increase load. The flanges the I-beams 
indicated distress long before the failure. Fig. 9(a) the deformation due 
shear the connection, well that due moment, quite evident. 
Specimen (Figs. and 9(b)) was case direct shear failure. Some 
tensile deformation the rivets was clearly visible and the flanges the 
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stub I-beam the tension side were deformed. This connection failed sud- 
denly. Specimen (Fig. failed tension the rivets, with some small 
deformation the flanges the I-beam, whereas Specimen (Fig. 2), 
there was visible deformation under the load lb, the limiting 
the machine. 


Nell 


Sundry other failures beams Series are illustrated Fig. 11. 
The lines shear the I-beam Fig. 11(a), are clearly visible, also the 
affect the rivet heads due shear. This test gave visible evidence 
tension the rivets. The method placing dials for the specimens Series 
shown Fig. Another view (Specimen 15) the shallow wind- 
bracing connection, after the rivets had failed shear, shown Fig. 11(c). 
Fig. 11(d), Specimen reveals distress shear well rivets that have 
failed tension. 

Specimen (Fig. failed manner complicated that difficult 
compare the results this test with those its companion, Specimen 15. 
The column section showed distress before the connections had passed their 
yield point. From Fig. one can follow the general action this joint. 
The stress distribution tension was high the central rivets and low the 
outer ones. 

The column section used was short that the curves obtained not 
represent the effect due column considerable length. The 
difference the curves Specimens and probably greater than would 
produced the usual column section found practice. 
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Specimen there was little distress evident due rivet tension. Defor- 
mation due shear the rivets was visible and strain lines the I-beam 
indicated that the connections had passed their limit working stress, 
testing this specimen, experience with Specimen led the writer antici- 
pate shear failure. After obtaining the stress reading for load 
the load was removed. This gave set curves that compare with the 
remainder the series. The load was then transferred from the central plate 
point over the ends the I-beam, thus relieving the shear the stub 
beams, ‘and the test was re-run load 105000 plotting the 


the second run the effect decrease the length the lever arm was 
taken into consideration. The point zero deflection was observed with 
load the beam; was not read the deflection due the set from the 
previous load. Failure did not occur the connections this specimen but 
one the supports, where the I-beam buckled. 

the specimen had not been destroyed, except for the buckling one 
flange the I-beam, was inverted and replaced the machine order 
that study the reversal stresses might obtained. this third run 
the specimen the loads were placed over the ends the I-beam and not 
the central plate, primarily because this edge the plate had not been milled 
for this type loading. The curve obtained was entirely different type 
from that the others this entire series tests. This curve suggests 
subject for further investigation. 
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the case the test Specimens 15, 16, and 17, difficulty was encountered 
because the tendency the specimen buckle (see- Fig. 4). 
angles were welded the ends the supporting beam, and similar angles 
were clamped the ends the specimen. addition, angles were bolted 
either side the specimen. These angles were braced the building pre- 
failure due the upper ends one these sets angles swinging 
the north, whereas the upper ends the angles the opposite end the test 
specimen swung the south. Care was taken ensure that the bracing did 
not interfere with the rotation the test specimen its supports, and thus 
influence the test readings. 


The rotation the beam relative the plate was measured means 
Dials Fig. 6(b) Fig. 6(d). The rotation each connection was 
obtained noting the difference reading between the two dials one side 
the I-beam and dividing the distance between the two dial stems. 
The corresponding dials the opposite side the I-beam furnished second 
set observations this same point. The readings the second connec- 
tion the specimen were obtained similar manner and the two sets 
observations each connection were averaged. Thus, each test may 
considered test two connections, one the right side, and one the 
left side, the plate. These two tests were practically independent each 
other, except for some slight deformation the central plate. 

order that the variation between the two tests may seen, the curves 
showing the angular rotation plotted against the moment have been drawn 
for both connections Figs. 23. The average plotted full and, 
from this curve, the data Table are taken. The angle rotation 
expressed radians or, what the same thing, its tangent, and the 
moment expressed inch-pounds. noted that all the curves are 
the same general shape and have definite yield point. This more 
clearly shown Series and than Series 


Slope 

tangent reloadi 
at origin, 


4.7 
4.2 
4.4 
13.7 
8.8 
21.3 
60.0 
80.0 


*Test failed reach the ultimate. 


n 

i- 

ie 

e 

Slope Slo 
tangent Ultimate Ultimate 
Test origin,| curves, moment, Test moment, 

inch- inch- pounds inch- inch- pounds 
pounds pounds pounds pounds 

(2) (3) (4) (1) (2) (3) (4) 

2 0.29 0.095 135 000, || B.... ll 
A 0.126 12 1.75 | 1 026 000* 

4.5 1.59 300 000 66.0 500 000* 
1.9 1.09 580 000 149.0 530 

9 2.2 1.48 665 000 . 
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0.010 


0.008 
Curves ror 12, Swrins B. 


Specimen 
0.004 


Radians 
17.—MoMENT ROTATION 


0.002 
in 
Fie. 


Fic. 16.—Moment ROTATION Curves ror Specimen 8, Serres B. 
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Fie. 17.—Moment RoraTion Curves For SPECIMEN 12, Swprins B. 


Fic. 16.—Moment RoratTion Curves ror Specimen 8, Series B. 


ELASTIC PROPERTIES RIVETED CONNECTIONS 


Specimen 10 
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Fie. 23.—MomMENT ROTATION 


Fic. 


22.—Moment Rotation Curves ror SPECIMEN 17, Series C. 
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Reloading curves were taken during the tests, but order avoid con- 
fusion, only the curve the average between the two connections has been 
plotted. These reloading curves are quite straight, and elastic constants for 
the connections have been obtained from their slopes. 

Table gives two constants for each type connection tested, taken from 
the average curve. Column (2) gives the slope the curve its origin for 
connection that has not been previously Column (3) gives the slope 
the reloading curves. All these slopes are inch-pounds. The ultimate 
moment imposed the connections given Column (4) except the 
cases indicated, which the capacity the other cause prevented 
carrying the test failure. 


SHEAR 


the method testing used, the shear effect and the moment effect were 
not entirely separated from each other. This was not considered serious 


4 


Load on Each Connection in Kips 


0 0.01 0.02 003 40 0.005 0.010 0 0.005 0.9010 
Deformation in inches 
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objection they have little effect each other far deformation 
concerned, especially the range working stress. actual practice both 
shean and moment are present connection when under stress. all the 
tests effort was made obtain stress-deformation curves for the connection 
shear. For Series and the results were not considered much 
tical value and are not given this paper. The shear stresses were low and 
the results were not satisfactory. The connections were designed resist 
shear, but not moment. Series however, very interesting data were 
obtained, which lead one believe that this type connection much more 
satisfactory shear than has heretofore been supposed. specimen 
this series was special provision made for shear. Although was seriously 


£ 


0 0.005 0.010 0.015 0.005 0.010 0.015 
Deformation in Inches 


questioned whether these connections could take enough shear produce 
ultimate failure moment, was thought that adding clip angles would 
complicate the interpretation the results. The series tests was designed 
study the effect moment and not shear. 
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Series the shear dials were clamped the I-beam nearly midway 
between the flanges possible, while the stem rested bracket secured 
the central plate. All shear dials registered 0.0001 in. The readings these 
dials had corrected for the 
angular change the I-beam due 
rotation the connection before 
the shear curves were plotted. The 
curves were drawn with the verti- 


eal displacement the connection 

plotted against the load the 

nection. This latter one-half the 


load the specimen. 
25, and give some idea the 


nection resist shear when not 


runs Specimens and 
(Figs. and 25), deflection un- 
and not the set from the 


previous run. SPECIMEN 17. 


PART FRAMED STRUCTURES 


order facilitate the incorporation the effect the elasticity 
the the analysis framed structures, the principal formulas 
the several methods frame analysis have been expanded include this 
factor. The methods Slope Deflection and Moment Distribution have 
been considered. The Theorem Three Moments has been rewritten 
include elastic connections and the Deformator Method stress analysis 
discussed briefly. 

noted that few the moment-rotation curves obtained experi- 
mentally Part approach straight line even the lower values. This 
makes necessary assume arbitrary value for the moment the con- 
nection, for its angular rotation when substituting the formulas involving 
the elasticity connections. After the moment this connection com- 
puted can compared with the original assumption and the error corrected. 
Stated another way, the curves Part have mathematical equations 
there seems way avoiding the trial-and-error method computing 
when other than approximate results are desired. 

For the purpose yielding first approximation and also provide 
comparison the elastic properties the several connections, the case 
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beam uniformly loaded and connected each end rigid for 
each the connections listed, analyzed. 

expanding the formulas the several methods that the 
reader familiar with these methods applied frames with rigid 
nections. The formulas found texts the subject are given for 
comparison with the expanded form. Their derivation and use are omitted 
they can readily found numerous books the subject. These equa- 
tions are followed the corresponding formulas, expanded include 


effect elasticity the connections. The derivation the expanded 
formulas then given. 


The notation adopted for this paper conforms essentially with the Ameri- 
can Standard Symbols for Mechanics, Structural Engineering, and Testing 
The definitions follow: 


depth; total depth member. 

width member base groove model. 

width rectangular groove 

length the member model, corresponding length, 
prototype. 


thickness model sheet. 


unit uniformly distributed load, per unit length 
uniformly loaded member. 

variable distances measured parallel X-axis; distance 

from the left support the center gravity Area 


distance from right support center gravity 
Area 


also, variable distances measured parallel the 
area the moment curve due transverse loads, the member 
being considered simple beam. 
material. 
rectangular moment inertia cross-section member. 
stiffness factor. 
length; nominal length member (distance from center 
member definad Equations (18) and (19); nomi- 
nal length the member Span and the length 
the member Span BC, transformed the connection 
Point 
moment; moment end loaded beam, with rigid 
connections and with length, 


= 
= 
A 
= 
| 


ELASTIC PROPERTIES RIVETED CONNECTIONS 549 


the connection due moment, values being taken 
from Figs. 23. 

ratio the deflection one end with respect the other end, 


the length the member (Fig. 27). 

displacement; the displacement the central support from 
line joining the two end supports continuous beam. 

angular distance; change slope the end tangent the 
elastic curve; the angle rotation connection; 
moment, taken from Figs. 


a 


ratio characteristics model and its prototype; ratio 
between two expressions for rigidity model and prototype; 
ratio between two expressions for elasticity model 
and prototype. 


The slope deflection method consists the proper application certain 
formulas the analysis rigid frames. When the connections are rigid 
the three fundamental formulas and their use are given texts and treatises 
the subject. The formulas for any beam, AB, are: 


and, 
and when the right end hinged: 
(3) 


When the end connections are not rigid and allowance made for the 
elastic properties the connections, Equations (1) and (2) become: 


and, 


The signs M,, Mz, and Equations (1) (5) are positive 
indicated Fig. 27; that is, the moment positive when tends turn 
the member counter-clockwise direction. Angular changes are positive 
when they move this same direction. 


for 
for 
the 
ri- 
er. 
on P 
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and are the end moments the beam (considered fixed the 
ends rigid connections Equations (1), (2), and (3), and 


(a) Loads 


(d) Slope Curve 


M 
Curve (e) Deformation Curve 


connections Equations (4) and (5)), due external loads the beam. 
For the rigid connections these values are: 


and, 


and, for the beam with elastic connections, they are: 


and, 


and are the moments the ends beam, their sign fol- 
lows the convention the beam theory (positive moment produces 
compression the upper side the beam) and not the convention designated 
Fig. 27, following the signs given Equations (1) (5), however, 
confusion should arise from this source. 


replacing Equations (4), (5), (8), and (9), Equations (1), 
(2), (6), and (7) result. 


b | 
| a 
M,Z, 
27. 


the 
tic 


im. 


(6) 


(8) 


(9) 


ces 
ted 


1), 
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equal zero rigid connection Equations (4) and (8), Equa- 
tion results. 

applying the slope deflection method rigid frame with riveted 
connections the only change from customary procedure the use Equa- 
tions (4), (5), (8), and (9) instead Equations (1), (2), (3), (6), and 
(7). After the values are ascertained little more work required 
the application the longer formulas. 

Derivation derive the necessary formulas consider the 
member shown Fig. 27. This beam acted upon loads (shown 
single load, producing moment curve, abc), and the end moments, and 
M,. All them acting simultaneously, produce the moment curve 


negative moment the moment curve. The shown Fig. 


and obtained dividing the ordinates the curve Fig. 27(b) 
the corresponding the beam. The area this curve denotes 


angular change and dimensionless. The differential area, dz, 


differential angular change the beam the point where this area 
taken. The effect the elastic connections cause change the 
slope the beam the point where the connection located. stated 
previously, this may taken and, like the area the curve, 
dimensionless expression. represented the curve, Fig. 27(c), the 
heavy lines labeled M,Z, and 

From Fig. 27(e) can seen that the deflection Point from 
that such angles and are very small and not shown the diagram, 
hence the tangent the angle may taken equal the angle. This 
same deflection can also computed taking the first moment 


the about Point and adding thereto the angular change the 


connection, multiplied the length, Computing the deflection 
Point from the tangent Point both methods and equating them: 


which may simplified into: 


2M,LL 


| 
| 
i 
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Multiplying and dividing Equation (10) becomes: 


Taking the deflection Point from the tangent Point similar 
manner: 


The values and can obtained solving Equations (11) and 
(12) simultaneously, obtaining: 


and, 


Equations (13) and (14) are identical with Equations (4) and (5) when the 
Values and are substituted from Equations (8) and (9). 
second method obtaining Equations (11) and (12) the con- 
jugate beam method. The slope the ends beam are the same the 


reactions conjugate beam the same length carrying the 


load. Let these reactions denoted and Computing these 
values taking moments first about Point and then about Point 
Equations (11) and (12) are obtained once. 


(a) Loaded Beam (a) Beam 


(b) Moment Curve 


Moment Curve for I-Beam 


M,Z, 
(c) Deflection Curve 
Fic. 28. 20. 


M,=6 
| 
| 
L=12d 
~ 
=< 
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units length may visualized the change the length the 
member due the elasticity the connections and may visualized 
the transformed length the member. 

order obtain more accurate expression for that takes into 
account the stiffening effect the connections the types shown Fig. 28(a), 
assume that the member acted upon moment, M,, Point The 
moment End may considered zero. The moment the I-beam 
zero the end where the instruments measuring were attached. The cus- 
tomary assumption made that the shear (horizontal) distributed equally 
between rivets and that the moment curve straight the connections 
instead stepped shown Fig. 28(b). The angular change due this 


approxi- 


mately, and the total deflection Point from tangent the curve 
Point due moment, M,, may written as: 


which was assumed deriving Equation (10). 


Placing these two expressions equal will give corrected definition for 


Dividing and substituting the value Z:: 


The last term small except for short beams. When neglected the 
expression for becomes: 


the case the beam partly restrained the end, the expression, 


equations can simplified. With Equation (15) becomes: 


Dropping the term, would, some extent, allow for the deforma- 


tion due shear the connection which has been neglected deriving 
these formulas. Dropping this term and the others that may negligible: 


and, 


(13) 
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The Beam Partly Restrained the Ends.—Probably the case that 
curs the greatest number times steel design that the beam partly 
restrained the ends the connections. customary designing 
such beam consider the connections hinged. If, however, the ends 
are partly restrained these connections the moment curve shown 
Fig. 29(b), and material saving can often made. find the 
the negative moment the ends the beam, Equations (8) and (9) 
are used conjunction with Equations (4) and (5). 

The beam with fixed ends only special case the beam Fig. 
which, and are all zero, and therefore the first terms Equa- 
tions (4) and (5) disappear. 

The Partly Restrained Beam Under Uniform Load.—Of especial interest 
the beam fixed the ends elastic connection and loaded uniformly 
throughout its length. find the value the negative moment, the follow- 
ing values are substituted Equation (8) Equation (9): 


from which, 


which, the value given Equation (19). 
The moment the center the span is: 


the moments the ends and center this span are assumed equal 


(24) 
and, 


the moment the center the span not numerically greater than 
that the end, the I-beam the connection governs the limit the load. 
recognized that the evaluation the unit stress the I-beam the 
connection not simple herein implied because, doubtless, the stresses 
the connection govern, rather than those the I-beam, near the 
connection. 

The importance the several terms Equation (19) can best 
demonstrated example. For this purpose beam length equal 
twelve times its nominal depth has been chosen. The load assumed 
sufficient value give fiber stress 18000 per in. Table gives 


— 
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Loapep 


Assumed 

moment, 

Dis- | Dis- | Length 

inches inches inches| inches| feet inches 


(2) (3) (6) (8) (9) 


4.75 


12-in. -Beam @ 31. rt 
12-in. l-Beam @ 
12-in. -Beam @ 


+ 


G-Beam 
22-in. G-Beam 
1¢-in. G-Beam 


ERNS 


TABLE 


Computations (Continued) Loap 


curve) beam 
(11) (12) (13) (14) (15) (16) (17) (18) (19) 


100 
700 
000 
500 
150 000 


2 593 800 108 100 


0.0015 159 425 000 000 600 
0.00105 150 363 000 000 100 
0.00055 255 890 000 600 184 700 


555 
nds 
men 
ua- 
100 
000 
000 
150 000 
515 000 
248 000 
310 000 
360 000 
] 435 000 
480 000 
398 000 
235 000 
648 
206 600* 
Speci- 
men 
No. 
260 220 285 131 400 600 170 
265 258 347 255 600 300 100 
265 258 347 255 600 300 100 
613 603 743 648 000 000 300 
379 373 512 648 000 000 300 
592 586 796 591 200 349 000 000 860 
384 380 589 1591 000 000 000 
224 348 648 000 248 000 000 700 
165 161 298 648 000 000 200 
121 119 206 600 980 000 127 600 248 100 
104 101 206 400 
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the results the computations for the several connections tested Part 
computing the first fifteen connections Table the values were 
assumed, the values were read from the curve, after which 
—2L 
(obtained from 
Equations (24) and (25)), the assumed values were checked. these 
the values were taken 18000 which, the section modulus 
the beam. the case Specimens 13, 14, and 17, the stress the 
end- the beam rather than that the center was the determining factor, 
The moment, was computed from the reciprocal formula, 


computed. From the formula, 


the formula customarily used solving this problem. The increase strength 
obtained considering the connection elastic over the hinged 


tion given the expression, 
000 


Table 


This given Column (19), 


THEOREM THREE MoMENTS 


The theorem three moments may written (see Fig. 


Equation (26) found many forms all which can transformed 
into the one here given can derived special cases it. the 


30. 


elasticity the connections taken into consideration the theorem changes 
only its second term which becomes: 


a 
Equations (26) and (27) (and Equation (33) which follows), well 
their derivation, the signs the moments are assumed positive when 
they produce compression the top fibers the beam rather than the 
convention used the “Slope Deflection Method.” This done 


26) 


the 
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with current practice the use the Theorem Three Moments. 
This theorem (Equation (26) and Equation (27)) may. considered spe- 
cial case readily derived from the slope deflection equations. The theorem ex- 
presses only the relationship between the loads continuous beam 
three supports, the elastic properties the beam, and the the 
deflection the central support. The end moments are considered loads. 

derive Equation (27), only necessary note that the slope 
Span Point the same the slope Span the same point. 

Span may considered hinged the left end and elastically 
connected the right, while Span hinged the right and 
elastically connected the left end. For beam with hinge the left 
end, Equation (14) becomes: 


when becomes infinite, while for beam with hinge the right end, 
Equation (13) becomes (after changing the sign M,): 


For Span substitute the following Equation (28): 


a 


Ina My =3 Bla (0p + 2) Male 

Similarly, substitute Equation (29) for Span BC, Moc; 


obtaining: 


Eliminating between these two equations taking advantage 
the fact that they are equal: 


and, 


Subtracting Equations (31) and (32), Equation (27) follows. 


This comes from the geometry the figure, which, and are the 
heights the several supports, the assumption being made that they are 
line when the beam not strained. 


ere 
‘om 
the 

9), 
en 
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For the special case which there supports and the 
beam carries uniform load, Equation (27) becomes: 


Moment 


the moment distribution method analyzing rigid frames, three 
groups formulas are required: (1) The moment induced either end 
beam loads when the beam considered fixed-ended; (2) the moment 
induced one end beam moment imposed the other; and the 
rigidity the beam with respect moment the end. 

Equations (6) and (7), and the last term Equation (3), fulfill the 
requirements for the first group when correction made for the yielding 
the connections; Equations (8) and (9) fulfill the when this 
factor taken into consideration. 

the second group formulas, the carry-over factor 0.500 the 
rigid connections. the case elastic connections this factor can 
obtained from Equations (13) and (14). Let the beam Fig. 27(a) 


4 Lea Lez 

and, 

Eliminating between Equations (34) and (35): 
(36) 

2B 


The carry-over factor then which reduces 0.500 when equal 


2B 


order find the rigidity the beam with respect the moment 


for thus, 


for rigid connections), only necessary solve Equation (34) 


1 
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and, 


Equations (37) and (38) are the formulas from which the stiffness the 


beam may determined when computing the unbalanced moment distribu- 
tion about joint. Equations (37) and (38) the usual 
formulas for both ends rigidly connected obtain. End hinged and 


infinity. 

changes the momert distribution method due elastic 
connections can best illustrated comparing the solution problem 
which all connections are rigid with that one which some the 
connections are taken elastic. 

Consider the beam Fig. supporting uniform load, 100 
per ft. The connections Points and are hinged and the beam, 


Fic. BEAM. 


Point continuous. The beam will first considered continuous 
Point and, later, the case elastic connections Point will 
solved. These two problems are analyzed parallel manner that 
comparison can readily made between them. 

Rigid fixed-end moments, for this case (Fig. 
are: 


240 
120 
and, 
120 


The carry-over factor 0.5000 for both ends Beam BC. The stiffness 
factors for the several beams are evaluated follows: 


240 


120 


1s 
— 
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and, 
(215.8 
120 
These values are used computations shown Fig. 32. 
Destription: 
Percentage Distributed 
Carry-over Factor | 0.500 0.500| 
Fixed-Ended Moments, M,, — 60.00 + 10.00 — 10.00 ‘+ 15.00 
Distribution: 29.00 21.00 10.50 
441 
2.55 | 1.86 0.93 | 
0.16, 0.11 0.555) 
— 28.29 [28.28 -7 7.895 


Fig. 32.—COMPUTATIONS FOR BEAM IN Fic. 31, CONSIDERING THE CONNECTION 
aT Point B as 


Elastic first necessary compute for Beams 
and BC. both cases the moments are low and the tangent the origin 


gives with considerable accuracy. Therefore, the values given Table 


will taken for 


From Equation (18): 
(2.9) 
(100) (10) 


152) 


and the fixed moments, 


(479) 


CB — 
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The carry-over factor 0.50 for the right end Beam BC, but for the 


(2) (155) 


The stiffness factors, for the several beams are: 


left end, 


2 
(215.8) 


(4) (155) (215.8) 


and, 


cD Cc I c 20 


Using the foregoing values and computing the moment distribution the 
same Fig. 32, the results, considering the connection Point 


Description: 
Stiffness Factor ,K, — 1.66} 1.73 
Percentage Distributed | 49.0 | 
Carry-over |.0.387 
0.99 1.03 
|-0.23 
0.05 0.96 0.03 
-0.01 


Fic. FOR THE BEAM Fic. 31, CONSIDERING THE CONNECTION 
elastic, are shown Fig. results may checked the theorem 
three moments substituting the proper values Equation (33), with 


The analysis structure means the deformeter method requires 
model cut from sheet celluloid other elastic material. designing 
this model, deformation depends primarily bending does 
building frames, the moment inertia the various parts must pro- 
portional those the structure. This proportion also applies the 
connections. The widths the various parts the model, are computed 
the cubes these widths are proportional the moments inertia 
the corresponding members. The rigidity each member proportional 


(120) 
30) 
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121 


which, the modulus elasticity the model material; the length 
the member; and the thickness the sheet celluloid. the 


ratio between these two expressions for rigidity then, 


or, 
(39) 
The same ratio should exist between the elasticity the connections 
Eliminating between Equations (39) and (40), 


which, the scale ratio the 
model; the width rectangular 
groove cut the member the loca- 
tion the connection; and 
the width the member 
base this groove (see Fig. 


AND CoNCLUSIONS 


The tests described Part give the elastic properties eighteen 
nections three distinct types (see Figs. and 26, and Table 2). The 
tests showed that the connections Series can deformed through 
angles considerably beyond working conditions without affecting their 
capacity resist shear. The connections Series possessed this prop- 
erty much smaller degree, but are capable deforming within the 
working range. The deformations Series and are due the yielding 
the angles rather than the rivets main members. The connections 
shown Series are comparatively rigid. Their method failure can 
controlled detail design. 

Part indicates the method analyzing structural frames when con- 
sideration given the elastic properties the connections. Expressions 
for the “transformed length the member”, and the “transformed length 
the beam”, have been developed and incorporated into the 
for stress analysis the slope deflection, moment distribution, and 
formeter methods, well into the theorem three moments. The 


a 
a 
{ 
= [ 
s 
| 
4j L 
Fig. 34. 
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saving resulting from utilizing the resistance the connections designing 
simple beam indicated Table where shown that the load 
cases may increased more than 90% utilizing the support given 
the connections. 
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DISCUSSION 


tion, this paper genuine contribution the knowledge restrained 
end conditions beams and rectangular frames and, timely manner, 
Professor Rathbun has saved students this subject from the sin pride 
and the dangers self-complacency. Just the profession was becoming 
acquainted with new means for analyzing rigid frames with some degree 
facility Professor Rathbun comes forward with bitter new “dose” the 
form further complications problems already complicated that few 
engineers other than college professors bother solve them. 

The test results are valuable and the mathematical analysis clever and 
cleverly presented. The use beam moments connection with 
restrained end conditions Part the paper simplifies the resulting ex- 
pressions enormously. Further simplification results from the author’s use 
the symbol, but flatters the intelligence his readers when 
assumes that the steps his derivations and his systems algebraic signs 
will self-evident. problems this nature the difficulties with algebraic 
signs become almost unsurmountable unless the latter are explicitly 
The tendency experts grow accustomed their own particu- 
lar methods and sign conventions that does not them that these 
methods and conventions may not taken for granted every one. Since 
the paper written for specialists, some engineers who are not expert this 
field will have difficulty following the derivations and using 
ing equations without further elucidation. 

Unfortunately, the author did not make clear his Figs. the 
meaning the straight diagonal dashed lines and the straight verti- 
cal dashed lines 0.0089 radian some these curves. The straight diagonal 
dashed lines represent the average slopes the “set” curves, whereas the 
straight vertical dashed lines indicate the rotation angle which the ends 
uniformly loaded simple beam make with the horizontal when the beam 
deflected one-three-hundred-sixtieth the span. This value 
tion angle thought the maximum limit practical significance. 
taking the “set” curves the load was removed and the point taken these 
curves the load was placed back the specimen. 

The general problem elastic connections similar nature the 
problem joint rotation the slope-deflection method. The yielding 
the connection has the same effect upon the end moments the member 
would produced joint rotation; but the equations the two effects 
must kept distinct for two reasons: (1) Joint rotation common all 
members meeting the joint question, whereas yielding the connections 
may not the same for all members; and (2) yielding any connection 
itself function the end moment. the conventional derivation the 
slope-deflection equations for rigid connections, presented textbooks, 


Associate Prof., Civ. Eng., School Technology, Coll. the City New York. 
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the principle superposition utilized order add the fixed-end moments 
the moments produced joint rotation and joint translation. This 
legitimate since the two effects are assumed independent each other, 
the angles joint rotation (@, and not being functions the end 
moments (M, and but the author’s work the elastic rotation 
connection itself function the end moment which produces and, 
therefore, the ordinary fixed-end moment can not correctly superposed upon 
the effects joint rotation and translation. The author’s procedure respect 
this point correct inasmuch derives his slope-deflection equations 
for elastic connections from first principles and not superposition. 
was expected, the restrained-end moments for beam with con- 
nections appear the expressions for and (Equations (13) and (14)), 
not the fixed-end moments for rigid connections. regretted 
increasing the chances for error that the author has used the same symbols 
and for the restrained-end moments beam with elastic con- 
nections for the fixed-end moments beam with rigid connections. 

For moment diagrams the author wisely chooses utilize the principle 
that beam with end moments may treated simple beam carrying 
the end moments additional loads, that his moment diagrams show three 
separate diagrams superposed, namely: (1) Moment diagram for the transverse 
loads simple beam; (2) moment diagram for end moment the left, 
applied load simple beam; and (3) moment diagram for end moment 
the right, applied load simple beam. This treatment appears 
produce maximum simplification the resulting equations. 

the matter algebraic signs, always puzzling, the author fairly 
considerate. offers much specific information regard this matter, but 
the following categorical listing the rules used for algebraic signs the 
paper may helpful. the first part the paper, far the “Theorem 
Three Moments,” the author uses combination two sign conventions: 
The moments transverse loads follow the beam sign convention; and end 
couples, joint rotation, joint translation, and yielding connections follow 
the slope-deflection sign convention, counter-clockwise rotation being taken 
positive. Although immaterial for the cases this paper 
the writer would like, general principles, amend the statement (following 
Equation (5)) that “the moment positive when tends turn the member 
counter-clockwise direction.” counter-clockwise end moment should 
always taken positive whether acting the member the adjacent 
joint, but should be. indicated whether the symbols, M,, refer 
the moment couples acting the member the ones acting the joint. 
the paper the symbols, M,, refer the moment couples acting 
the member, that positive value indicates counter-clockwise couple 
acting the member with corresponding clockwise couple (—M,) acting 
the adjacent joint. plotting moment diagrams when using the 
of-rotation sign convention the several component diagrams must 
plotted consistently; that is, all must refer the same face section 
through the member. regards algebraic signs the author’s moment diagrams 
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show the moment couples acting the left-hand face transverse 
through the beam. this face the section, the algebraic signs the 
moment couples will the same when determined the 
sign convention when determined the beam sign convention. The 
going remarks explain the author’s statement (under the heading, 
tion Formulas”) that: “It noted that although positive, 
produces negative moment the moment curve.” Some may consider 
objectionable combine two different systems algebraic signs has been 
done the paper, but difficulty will experienced altering the equa- 
tions those who desire make change this particular. 

the derivation the theorem three moments with elastic 
the beam sign convention used more appropriate this 
work the author simplifies his mathematics treating Joints and 
hinged and acted upon the couples, and considered loads. 
allows for the effect these couples treating them loads simple 
beam and including their effect with that the transverse loads. the 
case hinged connection becomes infinite and Equation (14) 
comes indeterminate the form which printed. Equation (28) 
obtained first dividing both numerator and denominator Equation (14) 
and then setting equal infinity. The equation for may 
obtained different manner eliminating from Equations and 
(14). Similar procedure followed obtaining Equations (29) and (30). 
The assumption made the derivation that the differences elevation 
between Supports and and Supports and are the same and that 
each equal This equivalent rotating the pair spans until 
Supports and are the same elevation; or, which the same thing, 
assuming reference axis the line joining Supports and The result 
valid when all three supports are different elevations, and may 


shown that, 


Perhaps the mathematical part the paper would appeal wider public 
the author had been more liberal with explanations, but the subject-matter 
the highest interest, and the purpose the present discussion mainly 
endorse the paper and clarify for the benefit those who are not 
expert this field. Any suggestions made herein are trivial weight 
comparison with the importance the original work. 

the rigidity steel-frame building connections has been widely recog- 
nized structural engineers. reporting the results these tests 
standard connections the author has provided much useful information. 

the “Introduction” stated that extensive tests have been pub- 
lished this type investigation. The writer would like call attention 
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the work the Department Scientific and Research 
Great report published May, 1934, contains, among other 
material, the results comparatively extensive series tests conducted 
the University Birmingham, under Professor Cyril Batho. The writer 
participated the work. 

There appears serious discrepancy between the results obtained 
the author for the moment-deformation curves and those obtained’ 
Birmingham. The manner which flexible connections failed meaning- 
less because impossible practice for even small fraction the 
deformation involved failure occur. The only possibility failure 
such connections fatigue. Although may true that 
the strength the specimens Series and shear not impaired 
considerable flexure under moment, their manner failure alone does not 
justify that conclusion. Furthermore, the effect shear connections 
Series increase the rigidity. This point may quite important when 
considering the rigidity dual connection, such Specimen 11.° 

The author remarks that the most serious stresses occur the lower seat 
angles Series would noted that the connections were tested 
upside down compared with their position building, and really 
the top angle which highly stressed and results most the deflection. 
The same applies the rivets the vertical legs the angles. Speci- 
mens 10, 11, and should possibly have been tested the other way up. 

The correctness the author’s inference that seat-angle connection may 
stiffened materially increasing the thickness the angles was clearly 
demonstrated, within reasonable limits, the Birmingham tests. 

The type specimen which single plate used instead column 
section not representative the actual conditions obtained building. 
account the fact that the rivets are common both sides 
the specimen, the connections behave rigid plane existed the mid- 
section the plate. When the connection column flange, this not 
true, and flexure the flange will cause lower rigidity. This effect will 
largest the wind-bracing connections, especially where four rows rivets 
are used. 

The method given the author for the solution semi-rigid frames 
using constants represent the degree rigidity the connections 
interesting. may mentioned that the British gives three methods 
solution using the same assumptions. method interpreting results 
which does not involve the straight-line assumption, and which the moment- 
deformation curve used yield immediate results without resorting 
trial and error, also given the its use the end moments 
resulting from uniform load beam having the connections under inves- 
tigation are thus found drawing single straight line the experimental 
curve and reading the fixing moments directly from the graph. For purposes 


*Second Rept. the Steel Structures Research Comm. the Dept. and 
ndustrial Research, pub. His Majesty’s Stationery Office, London, England, 1934. 
Second Rept. the Steel Structures Research Comm. the Dept. Scientific and 
Research, pub. His Majesty’s Stationery Office, London, England, 1934, 92. 
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interpretation best assume that the beam attached rigid 
columns, but the method also extended include the effect flexure 
surrounding members, assuming that their rigidity may estimated 
mately. The effect change load, change stiffness beam due 
altering its length moment inertia, change stiffness surrounding 
members, the substitution some other connection, can seen immedi- 
ately. The method has since been extended cover the cases 
metrical loading and unequal end conditions, both. 

The rapid design steel-frame buildings, which often necessary, 
renders highly improbable that any method involving complete analysis 
can ever used design, and certainly not any complete analysis using 
trial-and-error methods. Although possible any single case 
choose constant for the moment-deflection relation which will give the 
same resulting moments curve, may shown that any such method 
change that constant for different lengths beam, different 
loads, and different surrounding members. any method, course, the 
accuracy cannot greater than the reliability the connections act 
according the assumed experimental graph, and tests have shown that 
the curves extend over fairly wide range. 

There are other considerations which make any analysis approximate. The 
most important probably the fact that the members and connections 
steel-frame building are generally encased concrete, and this will probably 
affect the distribution the moments and the stresses. Another uncertainty 
the capacity building sway sidewise under unsymmetrical 
Walls, partitions, and floors tend stiffen the frame, and possible 
that analysis which neglects side-sway more nearly represents the actual 
conditions than one which takes account side-sway. 

may mentioned that large number tests have been made 
Birmingham since the writing the second report mentioned previously. 


moment distribution presented the Part this paper, modified slope 
deflection equations were used obtain expressions for fixed-end moments, 
distributed moments, and carry-over factors, The labor solving these 
what complicated expressions could greatly simplified. For example, 
ring Fig. 31, consider the elastic connection additional, phantom, 
member the frame. For the connection this example the stiffnesses given 


for each side are: Left side, 2.9 10°; and, right side, 


L R 


which the absolute for the connection member. Its 


carry-over factor obviously —1. The analysis now can performed 
Designing Engr., Austin Ashley, Los Angeles, Calif. 
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ordinary moment distribution, the only precaution observed being that 
utilizing the absolute stiffness for all members that the correct relation- 


ship for the connection established. The ordinary fixed-end moments 


and the carry-over factor are used. 


(1) Points 


Phantom Member 


(2) Length, for Connection 


(4) Percentage Distributed 
(5) Carry-over Factor 
(6) Fixed-End Moments 


” Standard Cross Distribution (Six Cicles 
16.89 +10.78 


35. 


the solution shown Fig. the writer has neglected the reduction 
the moment the ends members due transfer shear the connection 
each row rivets; but the effect this factor clearly small magni- 
tude. The results obtained are identical with those that would obtained 
Instead the stiffness factor, Fig. 32, the writer suggests the factor 


absolute stiffness, KE, For Span (Fig. 35, Line 


and, for Span CD, 10° 1.62 (Note that, for the 


opposite end fixed, and for the opposite end free, 


The physical picture which Fig. based will visualized easily 
any one familiar with the Cross method, and permits simple application 
design calculations the valuable data reported this paper. 

should noted that the loading used this example only fraction 
the allowable load for these beams. Inasmuch the slopes the rotation- 
moment curves for the connections decrease materially the load increases, 
follows that for design loadings the connection stiffnesses would materi- 
ally less than those used Fig. 35, which were found taking the slope 
the tangent the rotation-moment curve the origin. 


Baxer,” Assoo. Am. Soc. (by better understand- 
ing the behavior steel work connections essential the design steel 
frames put more rational basis and full economy material 
obtained. This understanding will follow only from careful study such 
tests those conducted Professor Rathbun. unfortunate, however, 
since the behavior connections complex and the field covered 


Civ. Univ. Bristol, Bristol, Technical Officer, 
Structures Research Committee, London, England. 
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wide, that Professor Rathbun was unaware the work that has been 
done Great Britain since 1930 for the Steel Structures Research 
the Department Scientific and Industrial Research, which was appointed 
1929 representations from the steel industry backed offer sup- 
port from the British Steelworks Association. mentioned the 
mittee’s First Report, published 1931, series laboratory experiments 
beam-to-stanchion connections was undertaken. detailed report cer- 
tain these tests (which were conducted Professor Batho, 
Birmingham University, series connections, including all the types 
dealt with Professor Rathbun) given the Second Report the Com- 
that work here, but should studied all interested steel design. 
Characteristics the connections were given curves similar those 
the paper under discussion. 

Professor Rathbun’s analysis framed structures clearly presented, 
although certain the assumptions made introducing Equations (15) 
(21), obtain more accurate expression for are doubtful value, 
the First Report the Steel Structures Research Committee already men- 
tioned, general equation was given applicable frames with semi-rigid 
connections, which Professor Rathbun’s Equations (4), (5), (8), and (9) 
will found lead. The method attack stress analysis largely 
matter taste, but interesting compare this work. The derivation 
this general equation given the Second Report, together with expres- 
sions for the factors necessary for the application the moment distribution 
method. These expressions will found agree with Professor Rathbun’s 
factors the particular case the continuous beam (see the heading, 
“Moment Distribution Method”). must emphasized that applying 
this method frame with semi-rigid connections essential take into 
account the widths the stanchions serious errors are not made.” 
These methods analysis are based the assumption that the relation 
between moment transmitted connection and the relative rotation the 
members joined, linear. not true actual connections and, there- 
fore, applying the methods estimate, which may need subsequent cor- 
rection, must first made the moment transmitted, has been done 
Table the paper. direct determination the restraining moments 
for such cases those Table when beam carries uniformly distrib- 
uted load, can made simple graphical construction given Professor 
Batho the Second Report the Steel Structures Research Committee, 
previously mentioned. OPQ, Fig. 36, the relation between angular rota- 
tion and moment for the connections, determined experiment, and 
measured off equal the moment the end the beam which 


would cause complete fixity (that which the total load 


the beam and its length), and measured off equal and 


Second Rept., Research Committee, Scientific and Indus- 
trial Research, pub. Stationery Office, Lond., 1934 


{ 
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joined, the point intersection, this line with the curve, OPQ, 
gives the end-restraining moment directly. 


Mention has been made Professor Rathbun’s paper the use mechan- 
ical methods stress analysis. Considerable attention has been given this 
the Steel Structures Research Committee. attempt was made use 
the deformeter semi-rigid frames, the connection being obtained reduc- 
ing the rigidity the beam suggested Professor Rathbun. This was 
found unsatisfactory due probably the difficulty making the neces- 
sary reduction with sufficient accuracy and also the creep the celluloid 
the reduced section. perfectly satisfactory direct loading method,” was 
evolved, however, which the connections were made much the same 
manner they are practice. 


ing that another writer has thrown the weight his opinion, backed the 
evidence his tests, upon the side those engineers who have continually in- 
sisted that riveted steel structures should designed for partial continuity 
based upon the actual conditions restraint. further encouraging 
that the author’s tests present data that make possible for one estimate 
the probable restraint for considerable range beam sizes and types 
riveted connections. Many more data this kind are badly needed the 
profession. country which the annual construction program several 
billion dollars, one has difficulty understanding why the engineer must 
guess such factors end restraint when the cost comprehensive series 
tests would insignificant comparison. 

The tests presented are mainly specimens the connected beam type. 
Only Specimen contained column section between the beams. Hence, one 
must keep this fact mind when using the author’s data. evident 
that girder-to-column connection will permit greater total rotation than 
girder-to-girder connection because the duplication tension rivets 
and the deformation the column section. This effect can evaluated 


Structural Agri. and Mech. Coll. Texas, College Station, Tex. 
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for specific case from the author’s data. Specimens and have identical 
connections except for the insertion the column section into the 
The moment-rotation curves, Figs. and 23, show that Specimen 
mitted average rotation about 20% more than Specimen 15. course, 
one could not expect this same relationship hold for joints considerably 
different types. 

particular interest the author’s extension the theory continuous 
structures take account the elasticity the connections. Much the ap- 
parent complication the procedure disappears when one has mastered the 
terminology involved. However, seems the writer that further simplifica- 
tion would permissible without any way destroying the true value 
the analysis. For instance, consider the introduction the terms, (a), 
and which greatly complicate Equations (17), (18), and (19). For all 
practical purposes the factor, (a), which the distance from the face the 
column connection the first rivet through the beam flange, and the length, 
which the distance the farthest rivet, might taken zero. Then, 
the factor, (c) (e) (a), would also zero, and the effect upon Equa- 
tion (18), for instance, would follows: 


which becomes, 

The physical significance the suggested change simply that the 
elastic action the connection assumed concentrated the end 
the beam instead being distributed over the length the end connection. 
Since there still much learned about the true action the 
tion itself, seems quite reasonable the writer assume that the 
elastic properties the connection are thus concentrated. Undoubtedly, one 
could design special connections for which the assumption zero length for 
the connection would about accurate the author’s procedure, which 
based upon the assumption uniform distribution shear between rivets 
and straight-line variation beam moment within the length the 
connection. 

order demonstrate the insignificance any error involved the 
assumption zero length for the connection, the writer has prepared Fig. 
which analysis the author’s continuous beam example shown 
Fig. and analyzed Fig. 33. The revised constants are determined, 
follows: 


486 
2.9 
215.8 
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and, 


Signs agree with the writer’s that end moment tending 
rotate adjacent joint clockwise positive; the reversed moment 
negative. 


Stiffness Factors 
Distribution Factors 
Carry-over Factors 


Fixed-End Moments in.-lb + 1000 


Balancing Moments 


Final Balanced Moments —17.0/+17.0 


The carry-over factor different from 0.5 for the left end Beam 
166 


The stiffness factor for each beam is, follows: 
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comparison the results obtained three analyses this 
beam given Table becomes evident from this study that the 
probable error involved treating the elastic end connection 
length would great importance the design ordinary structure, 
The important fact (which usually neglected) that the elasticity the 
end connection produces changes moments between and 40% 
both Point and Point compared with this large discrepancy, the 
small effect the length the end connection becomes little 

interesting speculate upon the difficulties involved extending 
the author’s treatment the simple three-span beam involving only single 
elastic connection continuous frame with dozen more 
joints. Evidently, the labor involved would rather serious matter 
any the theoretical methods suggested the author. fact, practical 
study would seem limited the assumption that the moment-rotation 
curve remained straight line that the connection remained elastic within 
the limit working stresses. The same limitation would necessarily apply 


TABLE 4.—Comparison FOR THE BEAM ANALYZED 


377 
Item No. Assumptions 
Moments, Inch-Pounds, for: 
Percentage Change from: 


deformeter study because would clearly impossible represent 
the curved diagrams the published tests stress-strain curve celluloid. 
However, despite these apparent limitations, the author has performed great 
service calling attention the serious effect upon moments and stresses 
that may involved the neglect the elasticity and plasticity the 
connections. 


—Within the scope his tests the author has done remarkably useful and 
convincing piece work, and the rotations found for the connections tested 
can used, doubt, for estimating the probable behavior similar details 
under certain conditions more complete diagnosis the cause the rota- 
tions obtained, however, would have served the useful purpose 
ing the most effective remedies. 

The design the specimens raises certain questions the minds the 
writers who, some time ago, conducted somewhat similar series tests. 
The variety types and sizes adopted the author most comprehensive, 


Civ. Univ. Toronto, Toronto, Ont., Canada. 
Asst. Prof. Applied Physics, Univ. Toronto, Toronto, Ont., Canada. 
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but been desirable also vary the length the specimens 
order the moment-shear relationship that exists the simulated 
beam length, Moreover, the column used Specimen was 
too short develop its normal restraint the connection. 

Some difference may also arise the effect the angular 
rotation the omission shear connections. The form assumed the 
stems the T’s flexure will not the same for the top and bottom attach- 
ments. For the former the stem pulls away from the beam flange between 
the end the beam and the first pair rivets it, whereas for the latter the 
contact firm from the end the beam the end the connection. 
The curves the two stems being different, additional rotation will naturally 
arise. 

The method measurement also open criticism. Stress distribution 
must particularly irregular all these specimens, and, therefore, the 
method attaching the Ames dials and the location their stem contacts 
are matters first importance. Series and (Fig. 6), the special 
device for holding Dials required sleeve-jointed spring points; was 
attached the beam flange near the inner end the connection, and the 
stem the dial was kept contact with surface that moved transversely 
due vertical shear. Can such mounting conditions warrant measurements 
0.0001 in.? Dials were clamped that section the flange, just 
outside the connection, where buckling would first occur and the transverse 
movements the dial stems the plate due flexure and shear might well 
excuse the inclusion the results. 

The writers are the opinion that more reliable results are obtained 
measuring the relative rotation cross-sections the beams beyond the 
local effects the connections means flange extensometers that encircle 
the plate column, and comparing them with similar measurements made 
uncut beam specimen similarly loaded. Intermediate extensometer 
measurements may made locate the sources the rotation obtained, 
for example, elongation the column flange tension rivets, flexure the 
deformation the shear rivets the beam flange. independent check 
may obtained deflectometer measurements. 

the author has suggested, much additional information might have 
been obtained regarding the behavior these connections from the systematic 
application normal and reversed loads. Only this means possible 
dissociate the effects flange attachment and stress deformation and 
detect the extent elastic and non-elastic slip. 

The phenomenon greatly increased rotation the first reversal load 
for Specimen characteristic riveted specimens. The reason for is, 
course, non-elastic slip. Had the reversal loading been continued until 
the specimen reached steady deformational state the rotation would have 
been the same for reversed load for normal load. 

would interesting know what relative extent the tension and 
compression attachments contributed the rotation. The results the 
Writers’ investigations indicate that the tension attachment responsible 
for from 20% 50% more deformation than the compression attachment. 
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seeking ways and means improving end restraint, especial attention 
should given, therefore, the capacity attachment resist tension 
with minimum yield. 

restraint developed the ends steel beams and girders with welded 
connections, study was made the rigidity four riveted 
two types the University Toronto, Toronto, Ont., Canada, 

The connections were similar those the author’s Series Speci- 
mens and 15, except that shallow welded shear connections were added, 
They consisted T’s cut from 30-in., Bethlehem I-beams, connecting 
two 18-in., 47-lb. Carnegie beams central 1-in. plate for two duplicate 
specimens, and the flanges 4-ft length 12-in., Carnegie 
H-beam for two other duplicate specimens. For gonvenience, connections 
the first type may termed “plate specimens” and those the second type, 
“column specimens.” For the former, rivets were used throughout, but 
since the grip the rivets the flange the T’s was considerably less 
for the column specimens than for. the plate specimens, they were made 
in. diameter, the better balance the design. This was conformity 
with the expected strength tension rivets different grips, indicated 
tests made some years ago the University Toronto.” 

nominal factor safety between 2.25 and 2.50 was used the design 
rivets, selection the working stresses being made with view render- 
ing failure the rivets more likely than failure elsewhere. Although the 
factor safety adopted the author for his Specimens and not 
mentioned, appears have been greater than the foregoing. 

Unlike the author, the writers distrusted the vertical shear rigidity 
and, consequently, order that the angular rotation the connec 
tions the face the support might not unduly influenced vertical 
shear deformation, that shear failure might not precede moment failure, 
two shear plates were welded the web each beam for all specimens, with 
factor safety 3.4 the welds. 

order study the characteristics the connections plain beam speci- 
mens corresponding the cut-and-connected specimens were tested exactly 
the same manner, and the effect the was determined 
differences. 

types instruments were used measure the deforma- 
tion the specimens: (a) Yoke extensometers, with accessories, measure 
horizontal deformation between points near the flanges the beam; 
and (b) deflectometers, with accessories, measure the vertical movement 
points the neutral axis the beam. 

Whereas the author measured his deflections with respect bar resting 
rods fastened the ends the specimen, the writers measured the 
vertical movement points the neutral axis the beams related 


“The Rigidity Welded and Riveted Connections,” Young, Am. 
Soc. and Jackson, Canadian Journat July and August, 1934. 
Bulletin No. Section No, 16, School Research, Univ. 
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bridge hung from, and aligned right angles to, the central vertical element 
the specimen. Yokes carrying Ames dials were fixed the specimens 
the neutral axis and were such length that the plungers the 
dials bore the bridge. The particular advantage this method 
measurement was that gave the deformation each half the specimen 
with respect the central vertical section separately, and, the case the 
connected specimens, indicated the relative rigidity the two connected 
cantilevers. 

Test loading only one sense required 
determine the degree restraint continuity developed connection, 
reversed loading necessary for wind-bracing connection, which may 
subjected complete reversal stress, possibly involving both elastic and 
non-elastic slip. Furthermore, initial set occurring during the first load 
alters the behavior the specimen during subsequent loads. Consequently, 
determine the final rigidity wind connection, adequate series 
loads must applied eliminate initial set, and reveal the full value 
slip due reversal load, well the normal elastic deformation 
the specimen. Inasmuch the author’s tests not involve reversal load 
(except one incidental case) his rotation angles cannot apply strictly 
wind connections after the first change wind direction. 

fulfill the requirements mentioned each specimen was subjected five 
75000 and sixth load failure. The first two loads, termed “normal 
loads,” were applied that the connection was stressed gravity load 
the simulated beam. The third and fourth, termed “reversed loads,” were 
applied the opposite direction, and the last two loads were again normal 
loads. Readings the four extensometers and six deflectometers were made 
after each stage the application and release each 

Results—In the writers’ investigation effort was made discover 
the sources the deformation, inquiry that the author did not attempt. 
For purposes analysis the connections were divided longitudinally into 
three regions, II, and III, and transversely into two halves termed the top 
and bottom flanges. Region comprises the half width the column and, 
consequently, existed only for column specimens. Region extended from 
the face the plate column in. along the specimen, and Region IIT 
extended from the section in. one in. from the face the 
plate column. For the plain beam specimens the origin was mid-span. 
referring the specimens was sometimes found convenient group 
all three regions into one region—VI. 

The flexural slope developed given flange and region determind by: 
(1) The type connection; (2) the flange included, top bottom; (3) the 
stress involved, tension compression; and (4) the loading sequence, in- 
eluding excluding non-elastic slip. 

some types connections the effect change Factors (2), (3), 
(4) small, while others considerable. comprehensive test 
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any type connection, therefore, must involve both flanges both kinds 
stress and the loading sequence must such include any 
slip that may occur. Consequently, the application one-direction loads, 
the author’s tests, can not yield the final answer the problem 
wind-bracing rigidity. was for this reason that the writers adopted 
load varying from capacity loading one direction capacity loading 
the other direction. 

Analysis the flexural deformation occurring each flange and region 
the specimens under the reversing design load, combined with the evidence 
obtained during failure loads, forms the basis certain observations which 
attempt explain the deformations indicated terms the structural 
details involved. 

Region the most obvious deformational characteristic was that the 
tension half the connection was the critical element. slip was 
‘slightly greater compression than tension, but was about twice great 
the top flange the bottom. Proportional deformation was 2.6 times 
great tension compression, but only slightly greater the top 
flange than the bottom. This excessive deformation tension due 
the outward bending the column flanges and the elongation the con- 
necting rivets. 

The deformations Region included longitudinal deformation the 
attachment within in. the column face, bending the T-flanges, and 
deformation the connecting rivets. The deformations the top and bot- 
tom flanges were very similar the riveted specimens, for which the top 
and bottom attachments were the same. 

The deformations indicated for Region III included the longitudinal 
deformation the attachment and beam, and the shear deformation the 
connecting rivets welds with any slip that might have occurred. Non- 
elastic slip produced more than one-half the deformation and constituted 
nearly one-third the total deformation this type connection, elastic 
slip was negligible, and proportional deformation was similar that the 
plain beam. 

analysis the deformation Region disclosed the particularly 
interesting fact that for plate and column specimens the deformation aris- 
ing Region III and 50%, respectively, the deformation the 
entire This substantiates Professor Rathbun’s observation 
marked deformation the rivets through the beam flanges the case 
certain his specimens. 

Analysis the total flexural deformation that occurred each type 
during the reversing load and the relative effect tension and compression, 
top and bottom flanges, and normal and reversed loads producing it, 
justifies the following observations: (1) About 45% the deformation 
consisted slip; (2) the aggregate elastic deformation tension 
was from 70% greater than that compression; (3) opposite flanges 
deformed equally; and (4) the deformations under normal and reversed 
loads were identical. 
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coefficients restraint (that is, the rela- 
tion between the end moment developed uniformly loaded beam and 
the fixture moment), was first found for the initial load assumed carried 
failure. Account was thus taken initial set, slip, both. Obviously, 
this the correct loading for total moment calculations, unrecoverable 
deformation the connections permanently lessens their participation 
the total moment developed the span. 

Although coefficients restraint greater than unity are found for welded 
specimens, the values for riveted T-specimens were less than this. For the 
plate specimens, ranged from 0.99 for 0.2 the design load 0.93 
the design load. For the column specimens, ran from 0.92 0.2 the design 
load 0.84 the design load. Above the design load the values dropped 
rapidly. show that for Professor Rathbun’s Specimens 
and the coefficients restraint design loads were 0.96 and 0.73, respec- 
tively; for uniformly distributed gravity loads the ideal value, 0.75, permits 
increase load 100 per cent. 

more typical situation with respect end restraint arises when any 
one the innumerable loadings following the initial load applied. The 
connections have then suffered permanent deformation and permanent im- 
pairment their restraining value. Calculations the coefficient 
restraint, therefore, should include constant amount for the permanent 
deformation resulting between the beginning the intial load and the begin- 
ning the repeat load. 

was expected, the development large permanent deforma- 
tion during the early loads reduced the coefficients restraint under the 
repeat load its early stages values much less than those for the initial 
load. For the plate specimens, varied from 0.63 0.2 the design load 
0.9 the design load; for the column specimens, was much lower, 
varying from 0.3 0.2 the design load 0.75 the design load. 

Factors Safety—The plate specimens failed flange buckling, with 
average ratio test factor safety design factor safety 0.97. 
The column specimens failed rupture the tension rivets, with 
average ratio test factor safety design factor safety 0.89. The 
based the size before driving, compared with assumed ultimate 
strength pure tension 30000 lb. The fact that the column specimens 
gave smaller relative factors safety than the plate specimens was due, 
doubt, lesser uniformity stress distribution among the tension rivets 
connecting the the column flange. Furthermore, the shorter grip the 
smaller rivets the column flange failed compensate for their use 
the column specimens and for the leverage effect the pressure the toes 
the the moments the author’s comparable specimens did not 
produce rivet tension excess 55100 per in. (Specimen 15), the 


flange bending and leverage ultimate tensile strength was not 
isclosed. 
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Effective Slope Angles Due Connections Only.—So far the effect 
positive moment the beam story drift concerned the slope angle 
due the connection may taken the difference flexural slope, 
any section beyond the connection, between beam integral with the column 
and similar cut-and-connected beam under the same load. 

For load producing moment varying from capacity positive moment 
capacity negative moment, the slope angles attributable the connections 
alone, were found the writers 0.00222 radian for the plate specimens 
and 0.00492 radian for the column specimens. noted that 
each case the shaft the column assumed straight, and that 
although local bending the simulated column web not included, bend- 
ing the column flange included. 

For capacity moment one sense only the values the slope angles 
may taken one-half those given for the reversing load. The mean value 
for plate specimens under load one direction only (that is, 0.0011 
radian) approximately equal that obtained Professor Rathbun 
reloading Specimen moment 40% the ultimate moment, which 
was the ratio design probable ultimate load observed the Toronto 
tests. not possible make similar comparison with the 
single-column specimen, No. 18, the ultimate moment not given. 


intimates that the carrying capacity beams under gravity loading may 
increased much 95% making use the end restraint provided 
the connections. This percentage approaches, very closely, the theoretical 
maximum 100% which would occur with perfectly balanced design when, 
under full working load, the connections yield just enough make the bend- 
ing moment mid-span equal the restraining moment the connections. 
Such percentages may lead unwarranted optimistic conclusions regarding 
the extent which economy possible actual design. The possibility 
extremely large savings from utilizing resistance connections doubt- 
ful for ordinary building frame, for the following reasons: 


(1) The elasticity the connections differs from that the remainder 
the beam and, result, the stresses developed the beam are not pro- 
portional the applied load. The bending moment mid-span increases 
more rapidly than the loading, whereas the bending moment the end in- 
creases less rapidly than the loading. The variation for Specimen 
(see Table shown the calculated curves Fig. 38. Because this 
characteristic, the factor safety based unit stresses larger than that 
based loading. For example, the factor safety measured the 
yield point for the beam Fig. 38, the resisting moment the 
point stress twice that the working stress. indicated the broken 
lines, the applied load the yield point less than twice the working load. 
The factor safety based loading for the case shown only 1.78, 
whereas the stress intensities indicate factor 2.00. The importance 
dealing with applied loads rather than with unit stresses may appreciated 


Asst. Prof., Structural Eng., Mass. Inst. Tech., Cambridge, Mass. 


MIRABELLI ELASTIC PROPERTIES RIVETED CONNECTIONS 581 


extreme case considered which the increase moment rapid 
that increase of, say, loading beyond the working load causes the 
bending stress doubled. 
The percentages permissible excess loading shown Column (19) 
Table were computed with the factor safety based unit stresses. Table 
2-in. |-Beam @ 31.5 Ib 


16 
1 


| 
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Yield Point Stress = 36.000 Ib per sq in. 
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Fic. 38.—RELATION APPLIED LOAD AND BENDING MOMENT 
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based applied loads. The allowable excess load reduced average 
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(2) The author’s percentages are based the use perfectly rigid 
porting columns. Flexibility the columns has the effect reducing the 
allowable excess loading. The greatest effect from this source likely 
the upper stories building where column sections are relatively small, 
and effect the lower stories tall building where column 
sections are large. 

(3) Bending moment the beams building frame reduced the 
expense the columns. Unless the arrangement such that the end 
moments adjacent beams balance each other, the restraining moments are 
transferred the columns, and much the saving material beams 
may offset increase required material for columns. 

(4) Table was compiled for uniform loading which leads more 
able results than concentrated loading. illustration, concen- 
trated load mid-span the percentages for Specimens and Table 
are changed from and and 68, respectively, and Percentages 
and are changed and 55, respectively. 

(5) From the possible economy material must deducted the added 
cost the more complex analysis involved the use end restraint. The 
method analysis undoubtedly would simplified through experience, but 
would always more costly than the analysis with unrestrained connections. 


Regardless whether not very large savings can accomplished, 
information the type given this paper great value providing 
essential “missing link” the precise determination stresses building 
frames. 


Ese. (by view the emphasis that has been 
placed methods analyzing continuous frames, seems that the question 
joint rigidity riveted structures has received too little attention. The 
author this paper has made valuable contribution the knowledge this 
field. 

From the standpoint design, the evaluation the rigidity the joints 
terms total fixity has certain advantages over the procedure outlined 
the author, particularly where the method moment distribution used. 
may shown that the distribution factors for any joint are proportional 


the product the -values and the degrees fixity for the members 


that joint. also follows that the carry-over factors one end mem- 
ber are equivalent one-half the degree fixity the other end. After 
fixed-end moments and making adjustments for the estimated 
fixity the joints, the procedure becomes one simple moment 
distribution. The author’s illustrative problem, shown Fig. may 
solved readily this manner. the basis the results presented this 
discussion, however, the writer would alter somewhat the values for the fixed- 
end moment used. The author has assumed and Fig. 33, 
the equivalent about 50% and 70% fixed, Although the latter 
accord with the writer’s tests, the fixity for the clip-angle 
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connection the 18-in. I-beam, the same basis, would not taken 
more than about per cent. 

the tests upon which these conclusions are based, two-span continuous 
beams, having joint splice the center support, were used. com- 
paring the behavior such specimens with that unspliced beam, hav- 
ing 100% continuity, direct measure the efficiency the joints trans- 
mitting bending moments was obtained. 

Figs. and show the eight specimens which tests were made. 
Specimens and were representative cases 100% and continuity, 


respectively, whereas Specimens included several common types 
beam connections. specimens were in. over-all length and were 


made 8-in. aluminum alloy I-beams and aluminum alloy angles and plates. 
The section elements the I-beams were follows: 


Weight, pounds per 
Area, square inches. 
Moment inertia, inches*.............. 


4 
TH 
0.28 
5.90 
4.88 
5.06 
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Yield Tensile strength, Percentage 
Specimen pounds per elongation, 
Web (longitudinal) 
Web (transverse) 
(longitudinal) 


Duralumin. 


The tensile properties are listed Table The joints were fabricated 


means hot-driven steel rivets in. diameter. The make-up each may 
described briefly, follows: 


Specimen Type Joint 
Two splice-plates, in. in. in. 
One connection the joint riveted; the other pin-connected 
(diameter pin, in.). 
Four clip angles, in. in. in. long. 
Four clip angles, in. in. in. long. 
Four seat angles, in. in. in. long. 


Fig. shows the nature the two-span beam tests. The reactions 


the auxiliary loading beam the testing machine used (capacity, 


were ft, center center, whereas the loads the specimen were applied 
the center each span. Deflections were measured dial-gauge gradu- 
ated 0.001 in., with respect reference beam under the specimen, 
shown Fig. 41. Stresses were determined 2-in. strain-gauge, readings 


Bending Moment in Thousands of Inch Pounds 
+ + 

w 


+ 
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being taken the top and bottom flanges sufficient number sections 
determine the distribution bending moments. 

preliminary step the investigation, deflections and permanent sets 
were determined for each specimen for loads 30000 lb. The beams were 
then turned over and the procedure was repeated. The behavior was similar 
both cases, and permanent sets were the order only 0.002 0.004 in. 


25000 Ib 25.000 Ib 


Bending Moment in Thousands of Inch Pounds 


Fig. shows set bending moment curves constructed from the 
measured stresses for load. The ratios the moments developed 


Two-Span Tests 


Factors Basep on 
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PUTED CENTER-SPAN|RESPONDING Max- 
aD p TER oF Spans 


Maximum Com- 
in 
uare 
Ine 


Specimen 
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Estimated the basis average measured stresses for load. 
computed point where ultimate failure 
Load which test was stopped; beam continued yield without fracture. 


4 
| 
| 
300 
a 0.145 80 100 | 29 400 | 40 000 | 56 800 | 37 900 53 800 : 
0.149 69 000 | 28 600 | 20 000 | 37 500 | 42 000 72 000 
0.146 75 500 | 29 300 | 30 000 | 58 800 | 33 000 67 000 
0.165 66 000 | 30 000 | 15 000 | 21 800 
: 0.157 72 500 | 30 800 | 15 000 | 34 400 
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the joints over the center supports those observed Specimen gave 
direct measure the continuity factors joint efficiency for each type 
construction. From the results given Table (a) will noted that 
none the joints was the equivalent unspliced beam. The highest 
degree fixity 95% was found for Specimen which had long 
plates addition web clip angles. Continuity factors for the other 
spliced specimens ranged from 12%, the latter being found for Specimen 
which had one span pin-connected near the joint. The standard clip-angle 
connection Specimen developed about 19% fixity. 

Fig. shows the influence joint fixity upon the deflections the 
different specimens. The relative positions the curves will recognized 


25000 Ib 25.000 Ib 


o 


about the same those shown Fig. for the bending moments. The 
average measured center-span deflection Specimen being 100% continu- 
ous, was only 58% that observed for the two simple spans Specimen 
whereas all the deflections the other specimens were between these limits. 
Although the deflection measurements obtained were not sensitive enough 
the degree fixity the center support used determining continuity 
factors, was done the case the bending moments, the agreement 
between the measured and the computed values given Table (b) was rea- 
sonably good. 
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comparing bending moments and deflections for single load, 
attention should called the fact that both were proportional the loads 
applied approximately the point failure. The latter occurred every 
case lateral buckling the compression flanges the beams without any 
apparent injury the joints. Table gives the ultimate loads carried 
and the corresponding maximum computed flange stresses the centers 
the spans. 

Since none the specimens was damaged the two-span tests all but 
Specimens and which did not have rigid joints, were subjected 
simple beam test 48-in. span shown Fig. 44. The purpose 
this test was determine more nearly the ultimate bending resistance the 
joints. Table (d) gives summary the maximum loads carried and 
the corresponding computed stresses the points where failure The 
manner failure each case was, follows: 


Specimen Type Failure 


buckling the flange accompanied the buckling the 
web the center load point. 
Yielding the web bearing, around the clip-angle rivets. 
Shearing failure the rivets the lower splice-plate. 
Tension failure the lower splice-plate. 
Tension failure the web the outside line rivets. 
Shearing failure the lower seat-angle rivets. 


significant that with one exception (Specimen the moments resisted 
the simple span tests were from about 90% higher than those 
developed the two-span tests. Furthermore, appears that this bending 
resistance may safely estimated the basis the ultimate strength 
the material the point subjected the maximum stress. 

Although appreciated that these tests have been limited compara- 
tively few specimens, the results obtained indicate some useful limits for 
design purposes. For standard clip-angle connections appears that degree 
fixity from not more than 40% may expected, depending upon 
whether single double lines rivets are used the web. The use 
seat angles addition clip angles the web may increase continuity 
factors 50% 60%, whereas the use splice-plates the flanges may 
result continuity factors from 100 per cent. using these per- 
centages, obviously essential that the joints made sufficiently strong 
the moments attributed them. should pointed out that these 
percentages are substantial agreement with the results indicated Table 
the paper. The 15% increase carrying capacity Specimen for 
instance, corresponds joint fixity about 20%, given herein for stand- 
ard clip-angle connections. The-increase carrying capacity Specimens 
and 12, having seat angles, corresponds joint fixity about per cent. 
Although none the writer’s tests included specimens similar those 
Series the joint efficiencies obtained for this type construction ranged 
from about 100 per cent. 


E 
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tion Tests and Failures” (see following Fig. 11) the author states: 
“The curve obtained was entirely different type from that the others 
this entire series tests. This curve suggests subject for further investi- 
gation.” was referring Specimen 14, Run which specimen that 
had been tested beyond the elastic limit, but not destruction, was loaded 
the reverse position, thus simulating the condition arising wind-bracing 
connection when the direction the wind changed 180° (see Fig. 3(b), 
Specimen 14, Run 3.). further inquiry into this condition, therefore, 
justifiable. Two types connections were fabricated for testing the labora- 
tory the College the City New York, identical with Specimens 


Upper Head 


Girder Beam Girder Beam Edge 


ras 
22-in. Girder Beam 22-1n. Girder Beam 


(a) POSITIVE MOMENT (6) NEGATIVE MOMENT 
Fic. LOADING. 


and (see Fig. 1), except that the over-all length was instead ft. 
Two specimens each type were made up, the entire investigation thus 
comprising tests two pairs specimens. 

The experimental technique was identical with that followed the 
author. The dials used measuring the angular rotation were placed 
shown Fig. except that Dials and were omitted. The method 
used reverse the direction the application the load shown Fig. 45, 
the knife-edges, AA, being changed from the bottom the top position when 
was desired change the direction loading. 


TABLE 
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| ments, 


§ 2 


DIRECTION REVERSED 


2 Asst. Prof. in Chg. Materials. Testing Laboratory, School of Technology, Coll. of 
the City New York, New York, 
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The specimens were loaded according the schedule given Table the 
loads being the total applied the central plate the specimens. Figs. 46(a) 
and 46(b), the angular rotation, expressed radians, the connection was com- 
puted the same method that used the author, and the results each 
side were averaged. The results from the tests the two identical specimens 
were then averaged that the data shown, represent the average tests 
four connections, respectively. 
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The writer presents these curves with the idea that the reader can draw 
his own conclusions from the data. The small number tests involved makes 
difficult generalize too extensively the action wind-bracing connec- 
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tions under reversal wind direction. The tests indicate trends which 
may summarized, follows: 


(1) Under repeated loads the same direction within the elastic limit, 
the connections behaved elastically because the re-loading curves may 
considered straight, allowing for hysteresis effect. 

(2) Under reversal the direction loading, slip occurred the 
connection, due some factor which was not determined this investigation, 
(It might possibly have been the slackness fit the rivets the 
After this slip had occurred the joint continued behave elastically under 
repeated loads the same direction and within the elastic range, until 
another reversal the direction loading, when slip again occurred 
lowed second phase elastic behavior. 

(3) Beyond the elastic limit there was large increase the magnitude 
the slip reversal the direction loading and the connection 
deformed plastically. 

(4) The effect the additional row rivets was increase the resis- 
tance the connections angular deformation. 

(5) The slope the re-loading curves for equal positive and negative 
moments appeared equal. 

(6) The slopes the re-loading curves appeared decrease with increasing 
moments. 


Direct comparison the data presented herein with those presented 
the author difficult for the reason that the conditions under which the two 
sets tests were made were not identical. The use longer span decreased 
the effective shear the connections tested the writer and, although 
may argued from theoretical consideration that the shear the joint 
has effect the angular rotation, there not sufficient experimental evi- 
dence supporting that point view warrant the comparison two sets 
data having different conditions shear acting the connections. 

The writer’s tests, however, serve accentuate point which the author has 
failed emphasize particularly. Figs. 46(a) and 46(b) show clearly that 
the slope the reloading curve not constant quantity, but dependent 
the degree which the joint has previously been strained. The author 
has chosen his coefficient, such that which the angular 
rotation the joint for given moment, From the foregoing equation, 


other words, the reciprocal the slope the re-loading 


From inspection Figs. 46(a) and 46(b) readily seen that for 
given moment there can several values depending upon the previous 
history the connection. This not clearly brought out the author 
either his curves his test. For one who familiar with the interpre- 
tation experimental data and the general technique re-loading curves, 
the information available with which make that deduction, but 
doubtful whether the average reader familiar with laboratory tech- 
nique able read that most important fact for himself from the data 
presented, and regretted that the author did not bring the point 
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out more explicitly. view the fact that variable coefficient that 
differs with the size and type the joint and with the degree which the 
joint has previously been strained, would seem that the use numerical 
for actual steel design must based upon the completion 
long series laboratory investigations undertaken determine its exact 
numerical values. 

The author has undoubtedly made major contribution steel design 
developing his theory the elastic behavior riveted connections, but the 
writer foresees long period necessary laboratory work running into several 
years before this theory can used practical designing. present, those 
connections which developed relatively small resistance moment (namely, 
Series Specimens 7), are taken being free end beams whereas those 
connections which developed large resistance moment (Series and 
Specimens 14) are designed completed fixed-end connections. The use 
the author’s method design, therefore, would not affect the design 
the clip-angle connections and would increase the amount steel necessary 
the wind-bracing connections; hence, the result would less economy 
steel than present. 


this paper emphasize the fact that the problem presented was being studied 
least three other laboratories the same time that the work was being 
conducted the writer, indicating that the subject stress analysis steel 
frames has reached stage where the properties the connections should 
considered. fortunate that the synopsis and reference each the 
works the other investigators have thus been published order that those 
who are interested further this subject may read the originals they 
choose. The writer undertook the experiments described his paper because 
was unable find any data the subject. Certain phases the experi- 
ments touched upon the (such the reversal moment, the 
distribution deformation among the parts the connection, and the effect 
shear) were omitted because they were not needed for the solution the 
problem which this investigation was part. 

Professor Goodwin has taken advantage his familiarity with the writer’s 
work and methods clarify the paper some respects, and his comments 
are appreciated. The question signs one that arises quite often studies 
this nature, partly because textbooks are often confusing the subject. 
The system used the writer for beams accept the conventional sign 
for moment beam positive when the upper fibers are compression. 
and are always positive, the signs for shear, load, slope, and deflection 
follow once direct integration differentiation the mathematical 
expression for moment. Some confusion has arisen because the foregoing 
statement leads negative loads when their direction action negative 
(downward) and negative deflection when this deflection downward. The 
desire avoid these two situations probably the reason for using other 
sign systems computations. The convention for the signs the moment 
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tending rotate joint used positive when counter-clockwise for the 
reason that counter-clockwise angles, when small, have positive 
Thus, stress proportional strain and the signs are consistent this 


relation. Those who wish consider clockwise motion positive will find 


error their work. 

The beam and joint sign conventions cannot consistent with each 
other all times. the case beam counter-clockwise moment posi- 
tive one end and negative the other. The writer knows better 
method minimizing this difficulty than the introduction two self-con- 
sistent sign systems. Professor Goodwin states the reader familiar 
with another sign system than that used the writer the formulas are 
developed the paper and very simple matter over them chang- 
ing the signs the more familiar system. The writer feels that Professor 
Goodwin has done service clarifying this point. 

Mr. Rowan and Professor Baker infer that the writer should have men- 
tioned the work Professor Batho” his “Introduction”. This omission 
was unintentional and was due the fact that the paper was submitted 
before Professor Batho’s report was available. The writer accord with 
Professor Baker that those who are working any particular problem should 
closer touch with each other. Discussion reveals that the British Steel 
Works Association has been working this subject for several years without 
the knowledge those committees the American Institute Steel Con- 
struction and this Society well Columbia University, which were 
consulted during the investigation, examined the writer’s paper before 
was published. the same time, these organizations have been familiar with 
the plans the investigation since 1931, and the tests have been advertised 
locally they were conducted, that those who were interested might view 
them and suggest ideas. unfortunate that practical difficulties prevent 
closer co-operation the advancement the field which several 
investigators are interested. 

Professor Batho’s work similar many ways that the writer. 
contains many ideas not brought out the paper discussions. The 
duplication the several tests not economic loss study the addi- 
tional number tests lends weight the value the constants used 
computations. 

The remarks concerning the only possibility connection failure being 
due fatigue are not correct. frame that consists columns and beams 
under horizontal loads relies upon the connections for its strength unless 
they are stronger than the beam itself. true that failures this type 
not occur buildings, probably because horizontal loads are not applied 
buildings with much force would necessary cause the trouble sug- 
gested. The problem more than academic interest, however. One method 
bracing for horizontal loads use wind-brace connections the type 
Series because such connections have high resistance moment. 

Mr. Rowan’s suggestion that column sections introduced between the 
connections would produce results different character undoubtedly true. 
there are many combinations column section and connections, the 
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writer the opinion that the properties columns affecting the rigidity 
joints can made separate study. The combination connection and 
column can then developed, can the combination several connections. 
The writer tested only one column, because his paper deals with connec- 
tions. Professor Grinter has indicated, some idea the effect columns 
can obtained from this test. The field full subjects for investigation 
but, value, paper must confine itself the subject under discussion. 
The subject shear, therefore, was omitted from the paper, perhaps 
unwisely. The question partitions and concrete buildings also entirely 
out the province the subject. 

One reason shear has not been discussed that the data the tests have 
wide spread. conduct series tests varying the shear would involve 
considerable labor and might lead minor correction the results which 
their nature are erratic. one interested, this subject for separate 
investigation, but the writer feels that has made his paper sufficient 
length within its well-defined scope. 

Shear angles were omitted the connections Series order 
observe the effects such omission. study the shear curves will give 
designing engineers the data from which they can decide whether not 
such angles are necessary. 

Mr. Rowan’s remarks about “complete analysis” and “trial-and-error 
method” are not consistent with modern progress. Twenty-five years ago 
some engineers might have agreed, they were strong opponents the prog- 
ress being made stress analysis. the philosophy, 
the writer respectfully refers Mr. Rowan the published opinions Hardy 
Cross, Am. Soe. 

Mr. Scholtz congratulated indicating how the labor allowing 
for the connections can reduced analysis. The writer feels that the 
improvements this investigation that are made are theory rather 
than laboratory tests. Although more tests are always value the digest- 
ing these tests and the incorporating their results engineering design 
another and more important matter. 

Professor Batho’s graphical method analyzing connections one that 
deserves more complete treatment than the outline given the discussion. 
should help materially popularizing the idea including connection 
data frame analysis. 

Both Professors Baker and Grinter suggest that some the terms 
Equations (15) (21) could omitted advantage. This the intent 
the writer. Having given the several terms that theoretically affect the 
results, Table constructed include these terms the computa- 
tions. one does not wish use the corrections, the consequent error can 
approximated after study the table. 

The writer inclined agree with Professor Grinter that the practical 
case the moment-rotation curves may considered straight lines. fact, 
the reloading curves are not far from straight. The experimental data indi- 
cate that after connection has received some stress the reloading curves 


594 RATHBUN ELASTIC PROPERTIES RIVETED CONNECTIONS 


govern. This should tend simplify the computations. The slope the 
curve must based judgment after the probable history the connection 
has been considered. 

the tests described Professors Young and Jackson were conducted 
with objectives differing from those the writer, thorough study their 
work should reveal many ideas not treated the writer. The suggestion 
that the writer neglected the study shear, for example, mentioned 
eral the discussers. have made investigation along these lines would 
have multiplied the number tests, the number specimens, the time, the 
labor, and the expense very much. The effect shear, the writer feels, 
small compared with the the properties connections the 
same design. Consequently, has left for others study. 

Although the laboratory technique used the writer differed from that 
the several discussers, feels that was satisfactory the others. 
was adopted after considerable study the idea fastening the instru- 
ments beyond the influence the connection. trouble was experienced 
with the dials slipping the bands, due shear deformation. The data 
were not recorded, nor the. curves plotted degree accuracy comparable 
readings 0.0001 in., and the writer does wish create the impres- 
sion that the work was done with that refinement. Dials this degree 
accuracy were used because they were easy read and were readily available. 

The question reversal moments was considered while planning the 
series tests made the writer. This aspect the subject was not studied 
for several reasons: One was that the paper had already assumed excessive 
length; another was that investigation the deflection one the tall 
the City New York (which deflected less than in. eighty 
stories during 90-mile wind) led the impression that the wind would 
not reverse the dead moment building connection under any but the 

exceptional The writer felt that may have been 
error neglecting this phase the problem and, therefore, study 
reversals was undertaken the College the City New York soon 
the eighteen tests made the writer were completed. These tests were made 
Professor Peck who has presented his findings separate discussion. 

The question whether the top bottom attachment responsible 
for the largest percentage deformation was not studied and was not treated 
the paper although the necessary data were taken during the tests. This 
phase the problem did not have bearing the work that the writer 
had mind. illustrated the curves, the right half and the left half 
the specimen each constituted separate test connection. These tests 
were both plotted and published. 'This was also done the case reversed 
loading, but the latter case, the average curve published, for the 
sake clearness. 

Professor Mirabelli demonstratés, means curves, the effect the 
change the properties the ‘connections the load increased, with 
the conclusion that the effect less the load This material 
contribution the paper. His statement that the writer’s percentages are 
based rigid columns true; the changes can made when 
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the design known. This makes the data different from those the prob- 
lem investigated the writer, with the result that different answers will 
obtained. 

The third point indicates that the transfer the moment from the beam 
the column will increase the size the column. The fact that the 
moment the column whether computed not. follows, there- 
fore, that the interest economy and safety evaluate this moment 
nearly possible when designing columns. This argument against 
the present practice designing beams with connections considered haying 
rigidity either infinity zero. 

true, stated, that the more accurate analysis the more expensive 
and that the approximate methods will used most commercial work. 
The question that must solved each individual case whether the 
more correct solution worth the expense involved. 

Mr. Moore has given entirely different approach the problem 
which shows that similar investigations are being conducted aluminum. 
introduces the degree fixity, the ratio the bending moment devel- 
oped the spliced beam, over the support, that obtained continuous 
beam. obtain this ratio observed the stresses about eight sections 
the beam and computed back the moment the connection. This 
avoided the errors that might have arisen from measuring directly the 
connection itself. unfortunate that the mathematical equations result- 
ing from this method attack were not given that they might compared 
with those the paper, the best each system being retained. 

The tests made Professor Peck were designed obtain curves that can 
compared directly with those the paper, furnishing information the 
effect reversal moment the connections. The only difference between 
the tests Specimens and and those offered Professor Peck 
the ratio between shear and moment. The reason for the change length 
the specimens from those previously used was that the early tests indicated 
serious deformation shear before the moment curves had been developed 
much was desired. Although the shear may have some effect the 
action the connection, the writer believes that this question can 
approached from theoretical angle was done Professor Batho, but 
experimental approach would very expensive and difficult. 

The decrease the slope the loading curve, when the connection 
high stresses, interest. This only one the properties 
connections that must considered when designing structure. The his- 
tory the connections necessity part the problem stress analysis. 
This history not difficult anticipate when the frame with its anticipated 
loads given. 

Tests the type discussed the paper are, their nature, expensive 
and, therefore, the number cannot great for financial reasons, although 
tests are always value. The writer does not agree with Professor Peck 
that long series laboratory investigations are necessary before the theory 
can used practical design. The question entirely economic one. 
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Sufficient tests have been made that general idea the constants 
the connections can anticipated over the range covered these tests and 
even beyond. 

hoped that the properties riveted connections will receive further 
study from the profession because, undoubtedly, they affect the distribution 
stress. the writer’s opinion that the greatest progress can made 
perfecting the method analysis rather than increasing the data 
laboratory tests. When method analysis that simple and easily applied 
devised, will accepted designers. This does not mean that further 
tests are not great value but rather that the value further research 
the theory greater. 
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Paper No. 1934 


HYDRAULIC LABORATORY RESULTS AND 
THEIR VERIFICATION NATURE 


Data contained this paper were assembled 1933, added 
January, 1934, and again augmented the summer the latter year. 
Nevertheless, quite certain that the intervening months have produced 
many new facts corroborating the information set forth herein, and while 
was not originally intended present anything like complete inventory 
cases, still would appear desirable bring out all new facts the 
order their determination. From this standpoint would seem that 
the proper purpose the paper discuss general the principles 
verification hydraulic model results, present number concrete 
examples, and open the way for subsequent discussions. Since the subject 
can never become closed, would presumptious claim more than 
the surface” the present instance. spite this, the 
hope held that the following pages will serve assure the profession that 
efforts are being made verify the reliability results obtained hydraulic 
model experimentation. 


INTRODUCTION 


What reliance can placed field engineers the solutions obtained 
from model studies and what proof there the statement that river will 
re-act treatment the same its miniature laboratory? These are the 
questions most frequently asked those engaged the task wresting 
river secrets from small-scale models, and—strangely enough—they are the 


the meeting the Waterways Division, New York, Y., 
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most difficult answer convincingly. Not that insufficient work has been 
done laboratories afford proof one kind another, but positive data 
and positive facts are few the general case make positive 
proof next impossible. noteworthy that the topics assigned for 


discussion the XVth International Congress Navigation (Venice, 
one was: 


“The study hydrotechnical questions means laboratory researches 
reduced models. Comparison the results such researches with 
those direct observations the natural phenomena, view ascer- 
taining how far the law similitude true”, 
and that all the papers submitted only one two authors showed the 
hardihood come down definite cases comparison. Furthermore, that 
German paper which most boldly attacked the subject offered one its 
strongest items evidence the experiments for determining the spillway 
charge Keokuk Dam, Iowa, reported 1929 Albion Davis and the 
late Floyd Nagler, Members, Am. Soc. was shown, result 
tests 1:11 scale model and the actual structure, that there was close 
agreement between discharge coefficients and other hydraulic functions 
model and Nature. 

There are many reasons for the difficulties citing actual instances 
complete verification, Nature, model findings. Were this not true 
would follow either that model tests are entirely unreliable, that 
attempts have been made present evidence verifications. The latter as- 
sumption having been shown error, and the best authorities having 
agreed that beneficial results may obtained from well conducted model 
study, remains cite few the more common reasons for the dif- 
ficulties that have been encountered. 

begin with, only the more difficult problems are submitted the 
laboratory for analysis experimental means. This quite natural, 
course, since there reason for making studies problems which 
present doubtful elements, for which there are already satisfactorily 
established practices. the second place, most the problems submitted 
the laboratory are accompanied schedules detailed proposed plans, each 
which tested separately the model. result the experi- 
ment may necessary modify some the plans order find 
one more that will produce the desired results. the time any these 
plans has been accepted and instituted the field has almost invariably 
been somewhat further modified guit the character changes local 
conditions that have taken place the mean time. Naturally, the difficulty 
comparing effects the work finally installed with those indicated 
being most suitable the model increases with the degree the modification. 

Thirdly, the time required Nature for structures become effective 
differs greatly with the type the works involved and the character local 
conditions. Works, for instance, which are designed produce changes 
the river bed inducing deposition silt would more quickly effective 
the heavily silt-laden streams the West and Southwest than such 
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comparatively clear rivers the Ohio, the Upper Mississippi. properly 
located, spur-dikes installed increase depth channel low water 
their scouring action, become effective relatively soon rivers having mud 
sand bottoms, whereas localities which there are deposits gravel 
such dikes may achieve the desired results only much later date. 

obtain the results, Nature, indicated model study, the improve- 
ment works should installed soon possible. This particularly 
important when the river, the part involved, changing actively. 
large alluvial river, such the Lower Mississippi, delay one more 
working seasons instituting plan may attended such extensive 
changes the river affect the success the proposed plan materially. 

the cass the United States Waterways Experiment Station, experi- 
mental work was begun January, 1931, and the first experiments were not 
completed until from six months year later. similar period neces- 
sarily elapsed before any works, tested during these experiments, could 
installed. Consequently, sufficient time has not elapsed demonstrate con- 
clusive results every case. However, proofs are not entirely lacking, and 
number cases which field checks model resultg have been obtained, 
either partly completely, will discussed this paper. 


VERIFICATION 


present Mississippi River navigation program (adopted 
January 21, 1927) provides for the procurement navigable channel 
deep and 300 wide, for all stages the river, between St. Louis, Mo., 
and Baton Rouge, La. this program the principal reliance has been placed 
regulatory works, supplemented, where necessary, channel dredging. 
Standard practice has been, generally followed the design and location 
these works, but more and more instances, and especially when unusual 
conditions are presented, the problems are referred the 
Waterways Experiment Station for study and recommendations, 

technique was quickly evolved for the study this particular type 
problem, because new methods, involving movable-bed models, were required, 
and special questions, such those limiting slopes and character 
sand necessary for the sand bed, required almost immediate answers. Where 
exigencies the situation demanded, was found possible design and 
construct model within less than month after the receipt survey data 
from the field, and begin the release experimental data immediately 
thereafter. This seldom desirable, however, and with less haste necessary, 
experiments proceed more leisurely pace, some the studies having been 
extended for long years. 

certain instances, models have been operated concurrently with the 
installation improvement works the prototype. such cases, the various 
construction details, together with any natural changes, have been reproduced 
they progressed Nature, and findings have been forwarded the field 
engineers either mail radio. 

Field representatives the various districts for which models have been 
built are frequent visitors the Laboratory for the purpose inspecting 
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the progress the experiments. Only rarely these visiting engineers fail 
point some phenomena the model which are verified existing 
conditions Nature. may, perhaps, the formation sand bar 
gravel bar, eddy, caving bank, scour certain vicinity; or, 
may the development the general configuration the bed the model 
which bears such close resemblance that the natural reach that 
becomes difficult distinguish between maps the two. noticeable 
that these engineers nearly always find the model simulation those 
characteristics the river with which they are most familiar. This fact 
lends added value such testimonials. Numerous instances are record 
which developments the natural stream have been predicted from the 
model studies many months advance their actual occurrence. 

Hydraulic models have two general functions: First, their aid more 
exhaustive and detailed estimate and evaluation may made existing 
conditions the prototype, and, result the information thus secured, 
plans for improvement may conceived with greater likelihood effective- 
ness and economy than would otherwise possible; and, second, the merit 
these plans may then determined the model itself. Before model 
can relied upon, confidently, give such important information, its 
simulate known past and present conditions must first 
demonstrated. laboratory parlance, the ascertainment such facts 
termed the “verification the model”. 

Theory first step the verification model 
manual one, that checking dimensionally insure that geometric 
similarity between the model and the corresponding region Nature has 
been obtained. Following this preliminary check, which every model 
subjected, remains prove that hydraulic similarity exists, that results 
tests conducted the model may used the basis designing 
regulatory works for the full-sized river, harbor, ete. general, this 
hydraulic similarity can verified any one all several manners. 

Verification (1).—In the case movable-bed model, checks can 
made subjecting “moulded-bed” “flat-bed” verification runs. 
two more surveys the vicinity are available, the first method used. 
The movable-bed part the model moulded conform known condi- 
tions the earlier date; the model subjected several cycles flow 
varying stages, representing average hydrographs Nature; considered 
trustworthy only its capability reproduce the known conditions the 
later date can demonstrated. 

instances which field information taken different dates not 
available, the second method used. The movable-bed part the model 
moulded flat; water passed through the model varying stages 
simulation average conditions Nature; and the test completed when 
the model has moulded its bed that confor.ns the hydrographic 
conditions Nature the time the survey from which the model was 
constructed. The reasoning behind such test lies the fact that stream 
adjusts the configurations its bed accordance with its regimen 
and the alignment its banks. the dimensional check the model 
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proves its geometric similarity the prototype and, similarity 
exists, the model should mould its own bed simulation Nature. All 
the movable-bed models studied the Waterways Experiment Station 
are subjected one the other these verification tests, and many 
them are given both checks. 

Verification more practical application this type check 
obtained when comparison can made between conditions they develop 
stream after the completion model study and the conditions which 
the model indicated would develop. This type field verification can 
made the case of: Movable-bed models comparing bed configurations 
streams with the configurations predicted from model studies; (b) fixed- 
bed river models (when desired determine the changes gauge 
heights, velocity distributions, etc., resulting from cut-offs other regulatory 
work) comparison model predictions with actual developments 
Nature; and (c) models spillways, turbines, similar comparisons. 

The work the Waterways Experiment Station too new have 
yielded many conclusive verifications this kind. However, several such 
comparisons are available, and some them will discussed detail. 
should pointed out that these two types verifications are fundamentally 
the same. each case, comparison made between the development the 
model and the corresponding development the prototype. The only 
difference lies the time which the model study made—whether the 
end the period development, the beginning. 

Verification third check may obtained two more models 
different scales have been used for the study the same problem. 
transference the results the small-scale model (by means the laws 
similitude) the scale the larger model provides check the 
accuracy the results both models. the two are fair agreement, 
reasonable assume the next step the extrapolation the model data 
the full the prototype. Several examples each type verifica- 
tion are described herein. 
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The Brooks Point model Brooks Point, (Fig. 1), 
built simulation 10-mile stretch the Mississippi River lying 
tween Mile and Mile above Cairo, The purpose the model study 
was devise means for improving the depth the navigation channel over 


ILLINOIS 


MISSOURI 


Fic. VERIFICATION RUN, MODEL MISSISSIPPI RIVER 
Low-WaTER PLANE. HATCHED AREAS GREATER 
THAN 

the crossing that point during low-water stages. Only one general survey 
the region was available the Laboratory. This was made September, 
1932, and the model was constructed from the data thereof. Fig. shows 
the conditions the prototype revealed this survey. Lacking any other 
survey data, the model was subjected the flat-bed verification test. the 
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Fic. SOLUTION, LABORATORY CHANNEL IMPROVE- 
MENTS Brooks Point, ARE REFERRED 
THAN 


end 100 operation, was found that the model was close similarity 
with Nature. The map made its bed this time shown Fig. 
Attention invited the faithfulness with which details the full scale 
simulated the model. 
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While the experiments the model Brooks Point were progress 
the Station was visited several times the engineers charge the chan- 
nel improvement works the vicinity represented the model. They were 
unanimous voicing their opinion that the model simulated marked 
degree the conditions Nature. 

This model was successful demonstrating practicable plans 
for the improvement the channel Brooks Point. One these, which 
provided for the construction five spur-dikes the right bank just above 
the shoal crossing, and the removal three existing dikes the left bank 

point just opposite, was selected. The details this plan are shown 
Fig. order preserve the best conditions for navigation, the 
moval the three dikes was conducted concurrently with the construction 
the five new dikes. The new dikes were completed August, 1933, but 
only sections the old dikes had been removed this time. survey 
this vicinity, made about two months later (October, 1933), shown 
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Dike Removal 
Incomplete 


Dtkes Completed 
August 1933 
MISSOURI 


HatcHeD AREAS RePpRBSENT DepTHS GREATER THAN 10 


Fig. can seen that this short interval time the river has 
shown unmistakable signs adopting the new channel alignment. Fig. 
view this model with new spur-dikes place and being tested. 

The Fort Chartres problem similar that Brooks Point 
was presented the case the study for channel improvements Fort 
Chartres, Ill. (see Fig. 6). This model represented that section the 
Mississippi River between Miles 120 and 137 above Cairo, The purpose 
the experiment was determine methods for improving channel depths 
over the crossing Fort Chartres, East, situated about Mile 131. The 
model was built accordance with survey this region (see Fig. 
made during October, 1932. The experiment showed that navigable channel 
could procured low stages system spur-dikes was built the 
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Fic. 5.—Looxtne Down STREAM AT BROOKS Fie. 6—MEASURING VELOCITIES IN THE 
IN PLACE AND UNpDeER TEST. TUBE AND INCLINED MANOMETER. 


right bank between Miles 130 and 133. The details the proposed system 
dikes and the channel which they would effect, indicated the model, 
are shown Fig. The plan was adopted for construction with slight 
modification, and work was begun early the working season 1933. 
survey showing the status construction and existing channel conditions 


1932. 


was made this region March, 1934, and shown Fig. Although 
time has not elapsed for the dikes completely effective, 
will noted that they have already caused relocation the channel 
along the desired alignment and that project depths are being obtained along 
this trace. 
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Fie. FOR IMPROVEMENT CHANNEL Fort INDICATED 


The Point Pleasant Point Pleasant (Mo.), reach the Missis- 
sippi River lies about miles below Cairo, Ill. one several localities 
which the low-water channel characterized excessive width and con- 
sequent deficient depth. system containing three permeable pile-dikes with 
combined length 232 lin was completed during 1932 for the im- 
provement depths over the crossing-bar. Surveys made during August, 1932, 
showed improvement the channel depth opposite the dikes and their 
ability improve the channel was questioned. Some authorities thought 
the dikes should have been placed the opposite side the stream, 


Dikes of Old System Not 
Yet Entirely Removed 


Fic. 9.—PLAN UNDER EXECUTION IN NATURE, CHANNEL AT Fort CHartTrRes, ILL., SHOWING 
CONDITION IN Marcu, 1934. 


and advocated their removal. the direction the President the 
Mississippi River Commission, model was constructed which simulated 
8-mile stretch the river, extending from Mile Mile 83, with the 
Point Pleasant dikes near the center (see Fig. 10). After the model had 
been properly verified, was moulded conform conditions shown 
the latest field survey, which was made during August, 1932 (see Fig. 11). The 
findings the model not only substantiated conditions the field, but indi- 
that the Point Pleasant dikes were properly designed and located, 
and eventually would cause the channel scour navigable depths (see 
Fig. 12). 
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Construction the Point Pleasant model was begun during the first 


months 1933, and the experiment was completed before the recession 

the annual high water. The model indicated that with the advent periods 
low water the dikes the river would develop navigable channel with 
controlling depths about below mean low water. survey made 


KENTUCKY 
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Point Pleasant Dikes 


island No. 11 


MISSOURI 


Point Pleasant 


THE POINT PLEASANT, ILL., AUGUST, 


the Area Engineer during July, 1933 (see Fig. 13), showed the crossing- 
bars shaped similarly those indicated the model, and revealed 


depths almost entirely across the critical section. During the next 
month continuous channel, deep, would probably have developed, 
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scouring occurs the crossings during low water. This would have 
complete verification the model predictions. order that there 
should jeopardy navigation, however, some dredging was done 
that time (July). Thereafter, the Area Engineer reported under date Octo- 
ber 27, 1933, that the channel gave trouble whatever. fact, that 
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EVENTUAL EFFECTIVENESS STRUCTURES ABOUT ONE (CON- 
Mean 
date, had scoured approximately ft. deeper. This was the first time years, 
that the crossing was not dredged several times. 
Thus, there is—in the foregoing case—an instance which, through 
the instrumentality model, the eventual effectiveness existing struc- 


tures was shown. Such results may termed “ratifying”. The aggregate 
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1933, ORIGINAL SURVEY INTERVALS 


cost the Point Pleasant dikes, average cost per linear foot between 
and $35, was approximately Since frequently expensive 
remove dikes from stream build them, would seem that results 


which lead such economies are great value those which indicate 
new plans attack. 
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The Morrison Towhead instance which model gave 
so-called “ratifying” results, that the model the Morrison 
The contraction works program the Lower Mississippi River provides 
for the closure, where indicated, certain secondary back channels, 
order increase the volume flow the main channel during low stages, 
Morrison Towhead, miles below Cairo, was proposed block 
the flow back the island (Morrison Towhead) the construction 
single, permeable, deflecting dike the entrance the channel. 

Before arriving decision, however, model study was undertaken 
which had for its objective the determination the proper location for the 
dike. The model indicated that bed-load was passing into the back channel 
and that such deterioration this channel was experiencing was due entirely 
sedimentation which would retarded the dike. the strength 
these findings the construction the dike was omitted. Subsequent surveys 
were made the vicinity during May, 1932, and June, 1933. Comparison 
these surveys with previously existing conditions affirmed the prior find- 
ings the model. 


Towhead 


Fic. IMPROVEMENT, STEWARTS Bar, 
CATED BY LABORATORY TEST MaDE IN 1932. 


The Stewarts Bar Bar island about miles long, 
situated the Mississippi River approximately channel miles below Cairo, 
Ill. (see Fig. 14). about Mile the stream enters bend and the channel 
swings over from the left the right bank. The crossing-bar, which 
situated near the head Stewarts Bar, has been hindrance navigation 
for many years and periodic dredging has been necessary during low stages. 
Several alternate arrangements pile-dikes were proposed for the improve- 
ment this reach. The situation was complicated the fact that over- 
contraction might re-open the secondary channel behind Reno Towhead and 
Stewarts Bar and reduce the flow the main channel cause 
deterioration rather than improvement navigation conditions. The 
problem was referred the Laboratory for study and report. 

movable-bed model, having horizontal scale and vertical 
1:100, was constructed and tests were made during 1932 each 
the proposed plans. these tests the engineers the Laboratory con- 
sidered not only various locations and lengths for the dikes, but dikes 
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different height and inclination with respect the flow the 
report was rendered which indicated that any one several the proposed 
plans would effective producing the desired results. 

One the plans which indicated satisfactory results provided for the con- 
struction four spur-dikes the left bank between Miles 90.8 and 92.0 
(see Fig. 14). With some slight modifications this plan was adopted, approved 
for construction, and the dikes were completed December, 1932. 

ascertain what effect the dikes were having, re-survey was 
the Stewarts Bar Crossing during November, 1933 (see Fig. 15). examina- 
tion the results this survey shows that the dikes had already secured 
channel the desired depth. Comparing Figs. and remarkable 
agreement will found. this connection, should borne mind that 
the full effects system dikes are seldom realized during the first season. 

Under date October 27, 1933, the District Engineer’s Office, 
Memphis, Tenn., reported that dredging was done this reach during 
the low-water season, 1933, because, for the first time years, the channel 


Towhead 


Fic. Stewarts Bar SHOWN SURVEY 
NOVEMBER, 1933. 
was such excellent condition cause concern. The dikes were noted 
have been very effective inducing heavy fill, and had maintained 
that crossing depth more all that season, despite extreme low- 
water conditions. 

The Walkers Bar project for the canalization the Ohio 
River, from Pittsburgh, Pa., Cairo, was completed 1929. This 
project was not designed provide the required depth all bars, 
because was judged more economical secure the needed depth the 
worst crossings dredging rather than increasing the height number 
dams. one location, Walkers Bar, where excessive dredging had been 
required annually, was thought that impermeable dikes might provide 
the required depths more economically. 

the request the District Engineer the Louisville, Ky., District, 
model study was undertaken ascertain the feasibility the plan, and the 
most effective system dikes for the improvement this vicinity. 
engineer from the Louisville District familiar with local conditions was 
detailed assist the experiment. The experiment extended over 17- 
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month period and was completed September, 1932. During this time 
twenty-two separate plans were studied exhaustively and least two were 
found which, the model, gave the desired results. 

May 31, 1934, the District Engineer Office, Louisville, 
ported up-to-date survey Walkers Bar note the effect erecting 
dikes, and the extent the scour and fill that had occurred since the dikes 
were put operation. Benefits the channel were unquestioned although 
the survey was made before the end the high-water season. 

The Island No. many years deficient depths during the 
low-water seasons the Donaldson Point Crossing (Mile below Cairo, 
have proved hindrance navigation. the past has been the custom 
provide relief during low stages channel dredging. Since the low- 
water season 1927, total material has been dredged 
this crossing. crossing situated near the lower end 
which, for about miles, lies practically straight line. Throughout the 
greater part the reach the average width between banks low stage 
approximately 3000 ft. For short distance above Donaldson Point Cross- 
ing the channel width about 5000 low water. The program for the 
improvement this reach proposed eliminate the necessity for annual 
low-water dredging increasing the depth over the crossing constructing 
four permeable pile-dikes the part the reach having excessive 

From engineering viewpoint, the improvement the reach presented 
unusual difficulties. outstanding factor connection with the plans 
was the fact that although only slight increase depth was desired, total 
500 lin dike seemed necessary produce the needed results. 
the problem was largely one engineering economics. 

After the problem was submitted the Laboratory, the experiment was 
conducted with the objective finding more economical method 
ing the same effect would obtained the proposed 500 dike. 
Several modified plans were found, all which indicated that the required 
deepening could attained considerably lower cost than was originally 
contemplated. The most promising the several plans indicated that four 
short pile-dikes the opposite side the stream, having combined lengths 
only 1600 ft, built conjunction with five sand and gravel dikes, would 
give the required deepening and, the same time, would furnish protection 
the bank certain locality where was being actively caved. 

This latter plan, modified somewhat physical appearance, but similar 
hydraulic effect, was adopted for field construction, and work was begun 
the early part 1933. re-survey the area was made during June, 
1933. Although was too early this time, course, expect that the 
effects the works had been accomplished, the survey showed that the struc- 
tures were tending produce the desired result although several seasons may 
required for its consummation. 

Cut-Off the most excellent opportunities for comparing 
effects produced identical changes similar models differing 
that afforded the experiments designed determine the results 


bui 
the 
pos 
dre 
tes 
4 
thi 
mc 
the 
( 
— 
= 
or 


VERIFICATION HYDRAULIC LABORATORY RESULTS 611 


artificially made cut-offs the Mississippi River. Among the first models 
built the Waterways Experiment Station was small replica 
the Greenville Bends, its horizontal scale being and its vertical scale 
1:360. With this model, tests were made determine the effects all 
possible cut-offs the Greenville Bends region. 

Some months later model study was ordered determine effects ten 
dredged cut-offs the Mississippi River between Rosedale, Miss., and Point 
Breeze, La. These ten newly proposed cut-offs included two that had been 
tested the first model. The second model was built outdoors scales 
1:2400 and 1:120, and constitutes, even this time, the largest its 
kind the world. 

During 1933, two new models were scale 
than had been attempted previously for study this kind. These last 
models, designed accommodate movable beds sand, were constructed 
horizontal scale and vertical scale 1:100. ‘The purpose 
their operation was determine the amount bed lowering that might 
expected stream from the several cut-offs. Incidentally; water-surface 
lowerings were also observed order check the results previously obtained 


LELAND AND 


River gauge 


1:2 400 model 1:4 800 model 1:2 400 model 


from the other models. Tables and show comparisons between results 
obtained from the several models. 


River gauge River mile 


1:2 400 model 1:1 000 model 
(ec) Errect or a Fioop Discuarce Equat To THaT or 1929, at Diamonp anp Yucatan Pomrs 


at Natcuez, Miss. 


Following tests the model, certain cut-offs were actually made 
the Mississippi River. Subsequent observations have been line with 
what would expected for the current state development. 


1:4 800 model 
0.0 0.0 0.0 +0.2 
—2.5 —2.1 —3.2 —3.0 ' 
—2.2 —2.3 —3.6 —3.0 
—2.2 —1.9 —2.9 —2.2 
f 
681.4 —3.9 —4.0 


612 VERIFICATION HYDRAULIC LABORATORY RESULTS 


Not all cases similarity between model and prototype are apparent 
the foregoing, but, the other hand, numerous instances are 
which experimental data have been checked daily observed phenomena 
Nature. interesting case this kind occurred connection with 
studies Island No. 35, stream from Memphis, Tenn. (see Fig. 16). The 

Waterways Experiment Station 

has tilting hydraulic flume 

part its fixed equipment. This 

flume was used extensive series 

tests which had its objective the 

study the tractive force flowing 

water and the transportation bed- 

load material natural streams. 

one phase the experiments the pro- 

cedure was follows: The bottom 

the flume was covered given 

depth with sand which had been sub- 

analysis. The inclination the flume 

was set designated slope, which 

remained fixed until the completion 

the run. then passed 

through the flume and regulated 

means the weir and the tail-gate 

sand bed. The depth the water 

DIFFICULTIES ENCOUNTERED ISLAND Was next increased successive in- 

crements, observations being made 

and recorded all essential hydraulic data for each observed depth. 

Fig. shows graphic form the results typical run. this diagram 

depths are plotted abscissas, and mean velocities, rates bed-load move- 
ment, and experimentally derived values Manning’s ordinates. 

Several interesting facts were brought light this experiment. 
was noted that the mean velocity curve broke first the point where the 
type flow changed from laminar turbulent; the next break this line 
occurred simultaneously with the beginning movement the bed material. 
Most authorities are agreement that when movement the bed material 
stream begins there accompanying reduction the rate increase 
the mean velocity the water, with corresponding change the rough- 
ness coefficient the stream. This was plainly shown have occurred 
all the foregoing experiments. Although the graphs shown Fig. are 
the results only single test, several like experiments, which different 
sands and different slopes were used, were also performed, and the results 
were similar each instance. Fig. graph presented Ph. 
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which shows data taken the Rhine River Basle, Switzerland. 


data have been plotted such manner that the slope the curve 
measure the roughness. The break occurs the time movement 


the river bed begins. commenting this graph, 
effect that Kutter knew that the ceefficient, the Chezy formula decreased 
when the “geschiebe” (bed-load material), began moving; Boys, also, was 
familiar with this fact and mentioned his writings; and common 
knowledge among hydraulic engineers that the roughness river bed 
changes the stage increases. 
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Fig. 18, the result actual observations, was introduced show that 
point where bed movement begins there change the Variation the 


roughness coefficient. 


fie 


the foregoing attempt has been made present inventory 
verifications pertinent model investigations conducted the 


Waterways Experiment Station. That the list incomplete obvious and, 


many cases not cited, sufficient similarity has been observed Nature 
faith results the tests. some instances verifications have 


been more difficult—if not altogether too obtain. The main point 


note that the science, which was veritable “infant” only few years 


ago now (1935) lusty rapidly coming age, and demand- 
ing that its importance recognized every one. 


*“Hydraulik”, von Ph. Forchheimer, Leipzig und Berlin, 1930. 
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DISCUSSION 


model more than two miles the St. Clair River, Michigan, was con- 
structed the United States Waterways Experiment Station, which the 
underlying subject Lieut. Vogel’s paper. The scale the model was 
and its purpose was predict the behavior submerged sills the St. 
River, which were proposed raise the levels Lakes Michigan and Huron 
order compensate for authorized diversions and for the enlargement 
connecting channels. The series model tests with different types sills 
developed the conclusion that the desired compensation 0.55 can 
effected few eight submerged sills, instead the sixteen seventeen 
originally estimated 1926. obtain maximum effectiveness from each 
sill was found, from the model studies, that the up-stream face each sill 
should vertical, nearly so, and that 60% its effectiveness would 
lost should material deposited the up-stream side the sill reach 
its top, which below low-water datum. Fortunately, the section the 
St. Clair River the outlet Lake Huron carries very little material 
suspension, and not expected that much fill will deposited. 

Due the peculiar difficulty mathematical solution this problem 
and the accurate and extensive data available for comparative purposes, 
the actual construction these sills will afford excellent opportunity 
compare laboratory results with the action Nature. The writer looks 
forward successful vindication the laboratory results, and hazards the 
prediction that not more than six sills will required. Present plans 
are construct only two sills the first step and observe the results 
obtained therefrom before constructing additional sills. 

1929 a-new concrete caisson breakwater Milwaukee, Wis., was 
damaged severe storm. that time, there were several theories 
the reason for the failure. Apparently, had failed because scour the 
harbor side, which had been thoroughly riprapped only few weeks before 
the storm, but with smaller stones than had been used the lake side. 

model small section the breakwater scale 1:24 was con- 
stone was crushed scale and device for creating waves corresponding 
natural waves high was cross-sectional view the break- 
water with rip-rap both sides was available through glass window 
the side the tank. the size the wave increased, was observed 
that the drag the receding wave and the waterfall action the wave spill- 
ing over the breakwater were working stones loose the harbor side, moving 
them back and forth until they were rolled some distance from the break- 
water. After hours continuous wearing down the rip-rap the 
harbor side, the model breakwater suddenly failed. The larger sized rip-rap 
the lake side was undamaged. This and subsequent experiments with 
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larger rip-rap proved conclusively that, contrary popular belief, heavy well- 
placed rip-rap essential the harbor side the so-called “exposed” 
side breakwater all cases where waves spill over the breakwater. 

These examples are cited support the author’s contention that model 
experiments may profitably used “verification” the action Nature, 
well foretelling what the action Nature will work not yet 
undertaken. 


the results obtained from model tests hydraulic structures and 
rivers several instances which mobile sand beds were used the models, 
the basis this excellent paper. Observations and surveys the field 
yielded good check the main features the bed configuration and 
the water stages developed the model. 

The present interest the possibility predicting from model tests the 
effects control works actual rivers impels the writer cite instance 
observed Sweden the summer 1933. The regulating gates the dam 
the new low-head hydro-electric plant are used regulate 
the weekly flow the River Lake natural lake about 
2140 miles The discharge the river varies 
per sec, the up-stream water level varies ft, and the down-stream 
level 4.3 ft. These facts preclude the use the usual discharge 

The problem was taken the Hydraulic Laboratory the Royal Technical 
University, Stockholm, where models various types sector gates were 
constructed the flume scale 1:25, order determine 
the discharge function the up-stream and down-stream depths and the 
gate-opening. Another model study of-the entire project was made later 
1:36, order determine the interrelation the discharges through 
the various gates and turbines. 

The discharge diagrams obtained from the laboratory tests were compared 
with official discharge curve developed previously for the River from 
current meter measurements, and the diagrams showed deviation only 
from the model results. new set discharge measurements was 
made the weir 1932 means current meter, during period 
comparatively low water. variation from the discharge curves based 
the model tests could observed over the range these measurements. 

This example corroborates the evidence given Lieut. Vogel that many 
cases the actual performance hydraulic structures built according designs 
determined means model studies laboratory can predicted from 
these tests with high degree accuracy. Although the bed the model 
was fixed the case cited, rather than built sand, the tests which 
Lieut. Vogel reports, the results obtained will equal interest. 


Associate Engr., Hydr. Laboratory, National Bureau Standards, Washington, 

Wochenregulierung des Gota Alv,” Wolmar Fellenis and Erik Lindquist, 


Soc. Meddelande frin Vattenbyggnadsinstitutionen vid Kungl. Tekniska 
Stockholm, Sweden, No. June 1933. 
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the Waterways Experiment Station, Vicksburg, Miss., 
the correctness solution are described, clearly and concisely, the 
paper. The “tests” are simple, understandable, and reasonable even those 
who are not laboratory experts. 

One reason why the solutions have been uniformly satisfactory that 
not only were visitors from the field invited witness the tests, explained 
the author, but the early three years the Station’s history (and the 
writer the custom still being continued), was obligatory 
field engineer, familiar with conditions the site the proposed 
ments, present the laboratory least during the crucial periods 
the test and preferably throughovt the testing period. this reason 
“theoretical” results were carefully “tied in” all times with existing con- 
ditions and with practical results. Such requirement prevented much 
waste motion following line research which could not prove practical 
account field conditions that were not consonant with the theoretical 
assumptions made. 

During the first few years after the establishment the Waterways 
Experiment Station its necessarily worked under severe strain. 
Congress had adopted the Flood Control Plan which had set motion 
promptly order avoid the danger damage from another great flood. 
(So great was the early progress made that, 1929, after less than one 
year’s work, the repaired and improved Mississippi River levees withstood, 
without single break, flood equal to, greater than, any previous flood 
the river’s leveed history, excepting only the Great Flood 
hitherto unprecedented record.) Consequently, was necessary have 
reasonable answers for the details “location” problems long before the 
laboratory could build well-trained staff develop thoroughly tested 
method procedure. The only alternative was for the District Engi- 
neers the Mississippi Valley proceed along lines previously laid down 
and found reasonable, without any benefit model study. fact, was 
necessary proceed with considerable work before laboratory solutions were 
available and, naturally, some few cases errors judgment were made. 
For instance, training dikes were placed several locations where satis- 
factory results were not obtained. again, the Experiment Station 
came the rescue the country’s pocketbook. Instead scrapping these 
expensive completed works—costing more than $100 000, and building new 
set elsewhere similar expense—the laboratory solution indicated how 
relatively slight modification the existing system could made produce 
satisfactory river conditions. this regard, must borne mind that, 
the present state knowledge, the hydraulics—especially stream 
the construction, and the location improvement works still involye more 
art than science, and, consequently, there may more than one 
manner improving any certain reach river. 


Corps Engrs., A.; Dist. Engr., St. Louis, Mo. (Formerly Asst. 
Mississippi River Chg. Operations and Planning, Vicksburg, 
Miss.), 
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With the assistance that model study was able give, was possible 
avoid repeating the failures approximately ago locating contraction 
training works the Lower Mississippi, where the great force and chang- 
ing direction the attack the current during the varied changes river 
between high and low waters, exert such terrific strains 
river structures. Due partly their location and partly their method 
construction, the dikes and dams built the Plum Point (Tenn.) Reach 
1881-85 were uniformly disappointing permanent results obtained. The 
laboratory solution the problems this same reach bids fair assist 
improving permanently troublesome stretch river. 

Model study, verified the tests indicated Lieut. Vogel, affords 
reasonable answer, not only the question where build, but also 
the question whether build all—as witness the problem Morrison 
Towhead, below Cairo, Before the results model study were available 
for this site, there was considerable argument whether the closing dike should 
built the head the back channel chute, its foot, near the 
middle. Many “pet ideas” were put forth, with the usual chance that 
the longest winded and loudest protagonist among all concerned would finally 
win. However, the results trying out the different ideas model indi- 
cated quite apparently that the best answer was let Nature alone this 
place and save the Government’s money. 

his remarks concerning studies the Island No. Lieut. Vogel 
touches the question costs. The quoted figures indicate average 
about 30000 dredged annually during the preceding yr. 
cost cts per yd, the annual charges amount 500 per (disre- 
garding expense delays navigation). The original plan contraction 
works 500 lin $35 per ft) would cost about $297 500, and the annual 
carrying charges for maintenance until the dikes have been silted 
permanently, and for interest, would nearly $15000 per yr—or ten times 
the cost dredging. The approved solution the laboratory, requiring 
only 600 lin dikes, would cost only 600 700 annually. Conse- 
quently, comparing the annual cost the dikes with the cost dredging, 
plus the expense shipping account the delays, obvious that the 
improvement the river contraction and training works warranted 
this locality. 

The foregoing analysis should help answer the question whether the 
building contraction works the Lower Mississippi waste public 
funds, some “dredging only” enthusiasts maintain. These latter not 
the writer’s opinion give sufficient consideration the extra expense 
caused delays transit while waiting for dredges open channels 
through numerous sand-bars developed after every high water. 
possible, reasonable cost, contract and train the river scour out these 
bars the waters subside, and thus away with the necessity many 
dredges, then all means such training works should constructed and 
the delays transit due shoal waters avoided. The laboratory affords 
cheap and satisfactory method estimating the efficiency and necessary 
length training structures, and, consequently, their cost, compare with 
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the average cost dredging the same reach river its 
condition. 

Very properly, Lieut. Vogel insists that any problem assigned for 
tory study must assigned “without strings.” laboratory 
inexpensive place try out “hobbies,” provided not limited experi- 
mentation only those hobbies. Every possible and reasonable solution 
must investigated, and the best ones recommended. the early years 
the Station (and also since far the writer knows personally) the 
Station Director was never limited only one two preconceived answers, 
but was urged and directed get the best answer The high type 
engineering-scientific personnel duty the Waterways Experi- 
ment Station fully entitles them the confidence placed them. 


importance verifying the results river model experiments com- 
parisons with Nature emphasized this paper. One criticism that may 
offered that the comparisons presented are restricted river models, 
whereas the author implies the “Introduction” that hydraulic models 
generally are being examined. 

While was student Germany, the writer was struck the fact 
that, although great reliance was placed model experiments all kinds, 
few quantitative comparisons models with Nature had been published. 
“Hydraulic Laboratory which was review model theory and 
results, almost such verifications are found. France, England, 
and the United States, the question the reliability models has been 
given more attention. elaborate comparison models different sizes 
has been made paper Carmichel and Escande.” This study covered the 
following subjects: Weirs, orifices, and tubes; uniform flow open chan- 
nels; transportation steel spheres; surfaces discontinuity behind 
tions; ‘vortices, whirlpools, and gyrating motions; spillways and intakes; 
and flow pipes high velocities. general, these experiments showed 
scale effect that was not great. and Escande also presented 
complete and concise survey model laws. 

Concerning models movable river beds and estuaries, Osborne Reynolds 
and Vernon-Harcourt felt the need for careful studies the reliability 
their results, but later experimenters have not always been cautious. 
results obtained, stated that, after long period operation, 
his model resembled the estuary the Mersey River well charts, made 
different times, resembled each other. 

the model the Severn Professor Gibson investigated 
the discrepancy between results obtained with different vertical scales and 
different sands, and also compared his model with Nature. The scales 
finally adopted were 1:8 500 horizontally and vertically, with model 


Associate Prof., Mech. Eng., Univ. California, Berkeley, Calif. 


“Hydraulic Laboratory Edited the late John Freeman, Past-President 
and Hon. Am. Soc. E., New York, Y., 1929. 


International Congress Applied Mechanics, 1931. 


and Operation Tidal Model the Severn Estuary,” 
Stationery Office, London, 
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sand size 0.007 in. compared with average size 0.009 in. Pro- 
fessor Gibson stated that these models reproduced, with high degree 
the behavior the tides all points the estuary, both 
regards their height, range, and rate rise and fall. Furthermore, the 
phenomenon the bore was also reproduced with very close agreement 
between the height and speed measured the model and observed 
the estuary. Observations the drift floats, and current velocities 
various points above and below the English Stones, reported, agreed 
well with those corresponding points the estuary. Generally, all the 
phenomena connected with the movement the water the estuary were 
reproduced with remarkable degree accuracy the model. 

comparison the charts and cross-sections the sand banks, silt 
deposits, and the main channels that were prepared from surveys the 
model times corresponding 1886, 1901, and 1924, with corresponding 
charts and cross-sections the estuary itself, showed good general agree- 
ment over least 90% the area the estuary. According Professor 
Gibson, this agreement was close could expected, 


“In view the fact that the model was not exposed the effect 
storms, which are liable produce relatively large changes any natural 
estuary. While there are differences detail, these are not great 
the corresponding differences detail the estuary itself the times 
the different surveys. The only points marked difference occur where, 
owing some rapid deepening the bed the estuary, the slope its 
sand banks great that the angle repose the sand the model 
would have exceeded order give accurate reproduction.” 


The changes the mean level this estuary were reproduced with 
considerable accuracy the model, and, generally, the agreement was bound 
such justify the assumption that “changes similar those 
produced the model the introduction barrage would also 
reproduced under similar conditions the estuary.” 

For some time, the staff the Hydraulic Laboratory the University 
California has been investigating the correspondence between models and 
prototypes. few the experimental results obtained students have 
been published the Additional work has been done 
Kidder, Assoc. Am. E., the late John Jameson, Jr., Jun. Am. 
Soc. E., and others, and this work being continued. 

The discussion Jameson, published herewith, was prepared before 
his death serve his contribution the data which Lieut. Vogel has 
offered various papers. Its application the present paper Lieut. 
‘Vogel will apparent from the content. 

would expected, agreement between model and prototype best 
when the reduction size not great and when the absolute depths and 
velocities considerably exceed certain critical values depending upon viscosity 
and surface tension. Furthermore, phenomena, such flow over spillways, 
which changes pressure, momentum, and elevation are large com- 


the Model Law for Hydraulic Structures,” Am. Geophysical 
Dnion, 1932. 
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pared with the forces friction, can represented models more faith- 
fully than those which friction dominant factor, models 
rivers. addition the errors resulting from incorrect reproduction 
the friction fixed-bed models, river models having movable beds 
suffer from lack information bed movement sufficient for the 
formulation proper model law. The author’s comparisons models 
and Nature show that Nature there tendency toward the conditions 
found the model, but the basis the data presented, one should not 
conclude that quantitative correspondence may expected. 


Joun Jameson, Jun. Am. Soc. (by the past 
few months (1934) the writer has been engaged, the Hydraulic Laboratory 
the University California, systematic study the limits 
hydraulic model correspondence, the course which certain observations 
have been made, which may interest. 

True model (scale 1:20) has been built concrete-lined 
tunnel conduit with its inlet and outlet transition connections concrete 
flume. operating this model the elevation the water surface the flume 
below the outlet transition was controlled correspond that observed 
tests“ made the prototype and the discharge for the model, Qm, was 
adjusted according the relation, or, 


{in which the scale ratio discharge, the scale ratio length; 
n 


discharge through the model; and, discharge through the 
prototype. 

Photographs the prototype show fish-tail wave the outlet transition, 
which closely resembles that observed the model. Nature, fish-tail 
waves were observed the outlet from the tunnel and similar phenomenon 
occurred the model. 

Flow the tunnel section the model was characterized standing 
waves. The first these waves which occurred just below the tunnel 
entrance, had height about 15% the water depth, while down stream 
the wave height decreased progressively. According the observers who 
conducted the test the prototype, waves were observed when sighting 
through the tunnel, the flow being smooth. The possible reasons for their 
appearance the model are: (1) The proximity the depth flow the 
point; (2) the impossibility obtaining correspondence friction 
factors between the model and the prototype; and (3) the shortness the 
approach channel. 


Asst. Mech. Eng., Univ. California, Berkeley, Calif. Mr. Jameson 
died September 26, 1934. 


presented the Special Committee Irrigation Hydraulics Fred Scobey, 
Am. Soc. (Unpublished). 
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Using the observed field data for the points the ends the tunnel, 
the value Manning’s was found 0.0105. previous paper,” the 


author derives from the Manning formula the relation, or, 


[in which scale ratio for areas, scale ratio for slope, 


n n 
ratio for roughness coefficient; and, scale ratio for wetted 


meters, 
For the model question, and =(20) 1.65, that for 


the model should 0.00635, order satisfy the foregoing 


relations. Actually, was found average about 0.0081 when computed 
from measured data for the same two points considered the prototype 
computation. 

The shortness the approach section between the forebay and the model 
proper and the rather sudden transition from the forebay supply tank the 
channel were necessary because limitation space. was impossible 
make the approach longer than about in. (or about six times the depth 
flow), and this condition resulted undesirable turbulence the 
flume approaching the tunnel. Several different types baffles were investi- 
gated, but none seemed have appreciable effect the standing waves 
the tunnel, which may indicate that the latter were not caused the 
shortness the approach section. 

When the results the model tests are transferred the prototype, 
the forebay level about 10% higher the model than the proto- 
type for the same discharge and down-stream water-surface elevation. 

Distorted distorted models included three open channels 
rectangular section lined with painted galvanized iron, each consisting 
two tangents connected 90° elliptical bend. These channels were the 
same depth in.), but their horizontal dimensions were the ratio 
1:2:4 (that is, considering the 12-in. channel the prototype, the 6-in, 
and the 3-in. channels had horizontal scale ratios and respectively). The 
bottoms all three channels were horizontal and all opened into large 
forebay tank the upper end and discharged into return channel the 
lower end. these tests each channel entrance was fitted with galvanized- 
iron transition section smooth out entrance eddies, and each had 
sharp-crested weir both entrance and exit isolate the 


Laboratory Hydraulics”, Transactions, Am. Soc. Vol, 100 
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section the channel being studied from disturbance stream down 
stream. The entrance weirs operated submerged condition and their 
were fixed the same elevation (about 2.5 in. above the channel 
bottoms). When the channels were calibrated individually was found that 
the discharges were nearly the 1:2:4 (the quantity per foot 
weir crest being: 12-in., 0.230 per sec; 6-in., 0.234 per sec; and, 
3-in., per sec. for head the weirs 0.166 ft). 

With water flowing through the channels sand was introduced into each 
immediately below the upper weir, the weights sand being proportioned 
the squares the horizontal scales (that is, 1:4:16). When the water 
was shut off, and the channels were drained, was observed that there was 
definite line the two larger channels above which there was deposition 
whatever, due the scouring action the water below the entrance weirs, 
This line was parallel that the entrance weirs and not proportional 
distances down stream would expected scale models. other words, 
the horizontal dimensions are controlled the vertical, and distortion not 
permissible. This condition also existed model tests for the Hastings 
Dam, where distorted model was used study scour below The 
same line scour would undoubtedly have appeared the 3-in. channel 
there had been longer tangent sections before the bends. was, the scour 
line for the two larger channels intersected the small channel the curved 
part its length that definite line appeared, although sand remained 
the up-stream tangent section. 

Another factor that must considered using distorted models for 
experiments with bed load the effect upon friction coefficients the differ- 
ent proportions bottom and sides making the wetted perimeter the 
model and prototype. another series tests, the entrance weirs were 
removed, and the lower weirs adjusted compensate for the aforementioned 
friction differences. This was accomplished raising the weir crests the 
two smaller channels computed amounts that the slope the water 
surface and the mean velocity would approximately the same for three 
Wooden spur-dikes, in. high, were placed radially correspond- 
ing locations the three channels, and the entire bottom each channel was 
covered with about 0.4 in. sand. The water passed through the channels 
depth about 0.34 and velocity just sufficient for sand movement. 
The times flow were the ratio 1:2:4. Although there was qualita- 
tive correspondence, was observed that spite the fact that the weirs 
were adjusted carefully, give equal mean velocities, the scour 
the 3-in channel was more rapid than the other channels. 


hits but fails mark when The author has given some excellent 
examples confirming the behavior open river models prototype perform- 
ances. truly remarkable that the small-scale models and distortions 


Tests Hydraulic Models the Hastings Dam,” Bulletin No. 
Univ. Iowa Studies 


Engr. (Stevens Koon), Portland, Ore. 
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between horizontal and vertical dimensions which was necessary adopt, 
should show such excellent similitude behavior, and this all the more 
remarkable when one realizes that the model sands could not have differed 
greatly from the prototype sands. reduce sizes model sands simulate 
prototype sands impossible, course. were done the material 
would colloidal. 

would have been most instructive the author could have drawn from 
his magic bag example two which prototype performance failed 
conform model behavior, and explained the “why” the failure. 
vitally important able recognize the limitations models and 
stay within those limits. Failures are the most potent means defining 
those limitations. The writer, therefore, offers the following negative “verifi- 
cation” with the belief that will just instructive the author’s 
positive ones. 

Field tests three the seven Leaburg siphons were made the writer, 
and the results have been fully Three models Siphon No. 
scales 1:20, 1:15, and 2:15, had been made and tested independently, 
and study the published” results will reveal the following points 
dissimilarity between model and prototype performances: 


1.—It was impossible simulate the cavitation effects found the proto- 
type. Velocities practically corresponding head atmosphere were 
found the Leaburg siphons near the summits, The live stream passing 
around the summit curves would swing from one side the barrel the 
other, leaving the intermediate spaces filled with pronounced eddies high 
negative pressures. 

the model the live stream completely filled the barrel the three 
models, and effect cavitation was detected. 

2.—The coefficients discharge for the models were higher than for 
prototype. Based the outlet area the siphon the coefficients flow, 


Coefficient Percentage 
Models Flow Error Model 


The models showed consistently higher discharges than the prototype, 
and the larger the model the greater the error. This believed due 
the eddy losses the prototype result cavitation that did not exist 
the model. 

3.—The depth flow the crest the siphon summit necessary for 
priming was much less the prototype than the model. first, this was 


. 
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attributed air leakage around the priming gates the prototype. the 
models, the forebay rose air was compressed the summit which pre- 
cluded the possibility obtaining sufficient depth flow over the crest 
prime quickly. 

small air outlet the summit the 2:15 model was provided 
late the air leakage the summit the prototype which improved somewhat 
the sensitiveness priming the model. The question arose: the leak- 
age around the primer the prototype were stopped would require 
greater depth flow prime? order test this, the priming gates 
all three siphons were later sealed tightly and tested for priming head. The 
siphons became more sensitive and primed with less depth flow than before 
sealing the gates, the following will show: 


Head Required Prime, Feet Siphon No.7 Siphon No.6 
After sealing primer 0.19 0.20 


The explanation why the siphon models failed these important 
particulars predict prototype performances probably lies the fact that 
the tests were based the Froudian similitude for gravity forces, whereas 
friction forces, including eddies and impact, have effects nearly equal 
magnitude producing the phenomenon flow through them. These 
tion forces become great importance the prototype account the 
high velocities, but are lesser moment model performance because 
the relatively low velocities that obtain them. 


Jun. Am. Soc. (by letter)—The author 
“hits nail the head” when refers the infrequency the cases 
which actual recorded data from prototype have checked data previously 
secured from small-scale model that prototype. His paper presents the 
results what probably the most extensive, and successful, attempt yet 
made confirm model results actual data from the prototype. 

appears that the illustrations the paper offer almost conclusive proof 
the proposition that small-scale models are capable yielding dependable 
qualitative data, even the cases problems involving erosion and trans- 
portation débris rivers. might even appear from the illustrations that 
quantitative results have been obtained from the models; however, such 
appearance probably coincidental rather than real. There are few stub- 
born facts, each which seems preclude the possibility any precise 
quantitative interpretation data derived from small-scale models, least 
far problems erosion and transportation débris are concerned. 

begin with, who would study problems involving the transportation 
débris natural rivers confronted phenomenon about which little 
known. would not appear possible simulate exactly phenome- 
non when the phenomenon itself imperfectly understood. 

*® Lieut., Corps of Engrs., U. S. Army; Care, Military Atttaché American Embassy, 


Berlin, Germany. (Formerly Asst. Director, Waterways Experiment Station, 
Vicksburg, Miss.) 
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The troubles the experimenter are not confined the difficulty 
attempting simulate characteristics about which knows little. Fre- 
quently, finds himself unable simulate those factors about which does 
know something. Thus, most the models described the author were 
Such distortion linear dimensions was necessary and, the results the 
experiments show, was justified. However, there question but that dis- 
tortion affects the behavior model. Just what the effects may seems 
beyond accurate determination the present time; but does appear 
unreasonable believe that model which geometrically similar river 
ten times deep the one being investigated, can yield precise quantitative 
results regard the latter. 

The fact that data from small-scale models are often not quantitatively 
dependable should cause one conclude that model studies are waste 
time and money. That carefully designed models are capable yielding data 
which are qualitatively and comparatively dependable enough justify 
the use such models almost any problem hydraulics involving large 
expenditures money. Perhaps time will come when models which produce 
quantitative results can built; however, that time science will probably 
know all the answers that the models can give. Meanwhile, the Engineering 
Profession indebteded Lieut. Vogel for another convincing presentation 
the possibilities model research. 


manner, Captain Vogel presents the practical value and qualitative relia- 
bility river models. However, the problem the quantitative evalua- 
tion fluvial models that confronts laboratories everywhere to-day and 
further systematic research necessary clarify this phase river-model 
usefulness. present, the writer inclined agree with Koerner™ that 
the results properly planned experiments with movable-bed models are 
always qualitatively transferable the prototype Nature. other words, 
always determinable which the investigated construction measures 
promises the greatest efficacy the desired direction. According Koerner, 
still necessary, however, exercise great care applying quantitative 
conclusions derived from river-model studies predict the behavior 
prototypes. 

Although the path may difficult, there gratifying evidence that 
movable-bed models can yield quantitative results. For example, the Schok- 
bed-load was developed rationally, its constants were deter- 
mined laboratory flume, and the results have been found hold for 
several European rivers. correlates bed load, size material moved, energy 
gradient, and discharge. 


Asst. Engr., Bureau Reclamation, Denver, Colo. 

“Modellversuche fiir einen Fluss mit starker Geschiebebewegung ohne erkennbare 
Krey, prepared and edited Burghard Koerner, Berlin, 
Der Geschiebetrieb und die Schoklitsch, Wasserkraft 
No. 1934, 37: also Schoklitsch Bed-Load Formula” 
Shulits, Engineering, June and 28, 1935, pp. 644 and 687. 
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Furthermore, has actually been possible find accurate 
relation between the discharge, the head, the size the bed material, and 
the pool depth below jet falling freely over sharp-crested weir™ small 
model. this case, eight different sands non-uniform composition were 
used. sure, some may say that the relation thus obtained valid 
only for the small model, but must realized that the search for even 
such relationship was considered futile not long ago. 

Lack agreement between siphons and their models has been reported 
Three models, different scales, were made siphons 


12.6" 


10° 10" 


(2) CAMUZZONI (6) CARRON S. CATERINA 
INVESTIGATED ALESSANDRO VERONESE. 


(Fig. 19) Italy; the purpose the tests was determine the relationship 
between the minimum head (h, Fig. 19), and the corresponding time, 
required prime, both model and prototype. the subscripts, and 
denote, respectively, model and prototype, and the scale ratio expressed 
1:a, then, with Froude’s law basis, the relations between priming 
head and priming time should be: 


and, 


but Veronese’s experiments led him conclude that Equations (4) and (5) 
are invalid, and derived the following from the data: 


and, 


which The agreement (which can termed sufficient, per- 


m 


1932, 


sulla relazione che intercede tra adescamento dei sifoni auto- 
livellatori sperimentati modello quella Alessandro Veronese, 
Elettrica, July, 1934, 517. 


6 6 2" 
4°11" 
3.1" | ry 
ain 
6' 62 47" 


VOGEL VERIFICATION HYDRAULIC LABORATORY RESULTS 627 


TABLE 3.—Comparison OBSERVATIONS AND COMPUTATIONS 


Model 
Siphon scale, Prototype Computations Prototype Computations 
a 
Observed 
Camuzzoni 
(Fig. 19(¢)).......-- 5 1.33 
5.12 
2.90 
7.20 
1.90 
Caterina 
1 15.75 


haps, although not close) between the observations and values computed with 
Veronese’s equations shown Table The usual equations based 
Froude’s law not give close agreement. The prototype priming time 
was measured only the Carron siphon. 


there was not single hydraulic structures laboratory the United States, 
strict sense, although plans were being considered for eight 
established various places.” 

recent the National Bureau Standards contains descrip- 
tions fifty-three American laboratories, twenty-two which are shown 
operated largely for the solution open-channel problems. This phenom- 
development may due partly the great increase public work 
activities during the past few years, but inference strong that some cre- 
dence should given the explanation that model studies return ample divi- 
dends. should follow corollary, then, that models may 
depended upon for the procurement trustworthy information. 

effort find proof—or disproof—of the reliability open-channel 
experimentation, this paper was tossed out challenge. The results, while 
disappointing, were nevertheless illuminating their paucity, and the ques- 
tion could now asked, “Are current studies being undertaken: (1) Because 
the proved validity the method; (2) because models are cheap means 
approximation; (3) simply because fashionable carry ‘scientific’ 
research?” run down the answer this query circular letters were sent 
out from the Waterways Experiment Station during August, 1934, 
more than fifty laboratories individuals engaged hydraulic research. 


Capt. Corps Engrs., A., Engrs., Schofield Barracks, Honolulu, 

“Hydraulic Laboratory Practice’. Edited the late John Freeman, Past-Presi- 
dent and Hon. Am. Soe. B., 781, Am. Soc. Mech. Engrs., Y., 1929. 

Laboratories the United States”, Hydraulic Laboratory Bulletin, 
Series National Bureau Standards, First Revision, October 1935. 
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was requested each case that information furnished regarding the 
performance any model tests, the results which had been substantiated 
subsequently results obtained the field. Twenty these letters were 
directed addresses within the United States and the remainder were sent 
foreign countries. 

Replies were received from twenty-eight those addressed, twelve 
these being from laboratories within the United States. With few notable 
exceptions, the replies contributed scarcely any information directly pertinent 
the subject. From Germany came the citation one instance model 
1:45) dam that had produced results which, when compared with 
recorded data the completed structure, were found accurate within 
per cent. One correspondent Italy reported that tests siphons had 
failed confirm the laws similitude, whereas another stated that models 
siphon spillways had been tested and found reveal true information 
what could expected Nature. 

comparative wealth data was received from Holland, outstanding 
among which were the following: 


(a) Model studies determine the efficiencies two centrifugal pumps 
gave values varying from 0.75 0.87. the prototype the efficiencies were 
found 0.80 each case. 

(b) After improving the Harbor Breskens the intensity wave action 
was reduced somewhat, had been indicated model study. 

(c) The results six experiments with models (scale, 1:20) deter- 


mine the movement stone fascine mattresses were found close 
agreement with the results obtained later the Maas River. 

(d) 1:50 model discharging sluice gave depths scour that were 
almost exactly verified the field. 

(e) model (scale, was operated determine the discharge capacity 
sluice. Exact comparison with the data derived from full-scale perform- 
ance has not been possible, but there appears close agreement. 

(f) 1:5 seale model was built study the flow viscous fluids 
suction pipes. Prototype and model flows were found exactly similar. 

(g) Six models navigation locks were experimented with effort 
determine times filling and forces acting upon the ships during lockage. 
When these locks had been built full was found that for two 
them the times filling were within 10% those figures indicated the 
model tests. Exact comparisons were not possible the other cases, but 
appeared that the general results were had been predicted. Some indica- 
tions the produced forces were obtained from the full-scale structures, 
from which appeared that differences 25% were about the least that 
could expected. 


Sweden supplied information two model tests which were subsequently 
verified performances full scale. One these was determine the 
degree erosion that might expected below the sector gates power 
plant; the other pertained the procurement data regulating weir. 
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Verification was received from England the performance tidal 
models; and data surge tank experiments were also presented, together 
with those obtained later the field. The results indicated almost exact 
agreement between surge heights model and Nature, and revealed 
close agreement periods. 

Three the twelve American laboratories that replied gave verifications 
data obtained from model spillways, locks, and dams. Little infor- 
mation was received justification movable-bed models. 

There can doubt that field verifications small-scale experiments 
are obtain, but models are continue their present high 
place auxiliary aids for the hydraulic engineer, will necessary for 
their sponsors procure positive proof their reliability. Furthermore, 
just important that the failures revealed and recorded because, 
unless this done, undue reliance may placed the results certain 
studies from time time. The scientist and the engineer must face facts 
they are, prepared modify their convictions the need for doing 
evidenced. The several discussions the paper carry this thought 
underlying consideration. The time for proselyting past; careful scrutiny 
and study are now order means determining what types models 
can relied for quantitative data; what kinds will give reasonably 
accurate qualitative effects; and which are capable nothing but deceit. 

extremely common sense viewpoint the entire question has been 
editorially. One paragraph appearing particularly worthy 
quotation follows: 


“The publication results, with particular reference any new form 
technique evolved, greatly encouraged, all hydraulic model 
work, less, course, than any other branch applied mechanics; for 
the guidance provided may serve not only help others avoid the many 
pitfalls, but may effectively reduce the cost and labour involved. Certainly 
the cost such investigations cannot lightly undertaken, the labour 
entailed both the laboratory and often also the very important work 
collecting essential data for the experimental work from the field, con- 
siderable. Speaking generally, however, cases where the need for model 
felt, the cost will small comparison with the scheme 

and. 


This comment was written with the writer’s paper mind. 


Engineering (London), May 31, 1935. 
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THE HYDRAULIC JUMP TERMS 
DYNAMIC SIMILARITY 


Boris AM. Soc. E., AND 
ARTHUR JUN. AM. Soc. 


Synopsis 

Since Bidone’s classical the first describe the hydraulic 
jump, this fascinating and puzzling phenomenon has been the subject 
repeated experimental investigation. Most the work has dealt with what 
may termed the “vertical” elements the jump, such the relation be- 
tween the lower and upper stages, the height the standing wave, 
Searcely any data are available, least systematic form, with regard 
what may termed the “longitudinal elements”, such the length the 
jump, the profile the surface the roller, The importance such 
data obvious. designing stilling-basins the toes spillways, lay- 
ing out devices prevent erosion below sluices, and other similar cases, 
knowledge the longitudinal elements indispensable. 

During the longitudinal elements the jump was the sub- 
ject systematic research the Fluid Mechanics Laboratory Co- 
lumbia University, New York, particular feature the work 
was, that interpreting and systematizing the results obtained, recourse was 
taken the principle dynamic similarity and the final data were presented 
generalized dimensionless form. Dimensionless presentation terms 


February, 1935, Proceedings. 
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dynamic similarity known have yielded splendid results and has become 
matter course when dealing with flow closed conduits. the other 
hand, its application open flow, with the exception models rivers, 
has not been widespread could expected. also appears that the 
basic premises which should govern the approach open-flow problems, are 
not always clearly understood and that times investigators are prone 
select parameters non-judiciously. example the frequent use the 
so-called “Boussinesq number.” 

The experiments described herein were referred general dynamic 
characteristic, “the kinetic flow The results obtained seem have 
confirmed the usefulness the general methods applied and are claimed 
have given the first comprehensive picture the longitudinal features 
the hydraulic jump general. 


THEORETICAL PREMISES 


facilitate comprehensive approach, brief recapitulation will 


first given the theoretical premises, which underlie the subsequent 
treatment. 


Values of d 


Specific Energy treating problems varied flow open 
channels, has become customary refer the motion “specific energy 
represented Fig. 1(c). The constant discharge canal given 
cross-sectional area, with varying depth, expressed For each 
depth one may estimate the energy head (the energy unit weight 
liquid), referred datum line, 0-0, drawn through the bottom the canal. 
The potential energy head the kinetic energy head is, 


Open Channels”, Boris Bakhmeteff, Am. Soc. Engi- 
neering Society Monographs, McGraw-Hill Co., 1932, 64. 
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which, the cross-sectional area the depth, Their sum equal to: 


= 6 ces oses 
(2) 


which the total specific energy flow, being function the depth, 
only. The graph the (Fig. 1(c)) indicates, that the energy con- 
tents vary with the depth, increasing indefinitely for very large and very 
small values For each discharge there definite point, which 
marks the lowest possible energy, compatible with the given discharge 
and the given canal cross-section. The flow the point, said 
the corresponding depth, d,, being the “critical depth”. 

For the important case rectangular channel, with width, and 


with the discharge per unit width, the specific energy is: 


(3) 

and the critical depth which the energy content minimum expressed by, 


The Hydraulic Jump.—Referred the specific energy curve, the hydraulic 
jump local phenomenon means which flow passes rather abrupt 
manner from lower stage, corresponding Point (1) the lower 
branch the energy curve, the upper stage, marked Point (2) 
the upper branch (see Fig. 1(b)). Obviously, the essence the phenomenon 
the change the form energy. the lower stage, energy kinetic 
form prevails; the jump, kinetic energy transformed into potential 
energy, which obviously predominates the upper branch the curve. 
the energy diagram (Fig. 1(c)), Points (2) and (1) which correspond 
the so-called conjugated depths before and after the jump, not lie 
the same vertical. Their horizontal distance, represents the 
energy head lost the jump. 


Similar many other cases fluid dynamics which one deals with 
abrupt variations the forms flow, comprehensive solution reached 
applying (as first suggested Bélanger) the “momentum principle”. 
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customary make certain fundamental assumptions when applying 
the momentum principle. These assumptions underlie the familiar equations 
relating the hydraulic jump and should kept clearly mind. 

Fig. Fig. Sections (1) and (2) refer the “beginning” 
and the “end” the jump. Thus, they delimit the jump, schematically, 
separating from the adjoining reaches gradually varied flow. Motion 
Section (1), preceding the toe the roller, free and still not influenced 
the roller. The stream lines are parallel. Therefore, the pressure dis- 
tribution assumed follow the hydrostatic law. This means that the 
potential energy referred 0-0 (Fig. 1), throughout the stream the same 
and equal the depth, which permits expressing the average energy 
the simple expression, Equation (2). Section (2) represents the “end” 
the jump. supposed selected that the expansion the live 
jet under the roller has ceased. other words, the curvature the stream 
lines, which features the flow the jump proper, longer present and 
the stream filaments have again become parallel, with the dis- 
tribution pressure again restored. For this reason the energy may again 
computed the simple expression, Equation (2). 

The assumption parallel filaments flow Sections (1) and (2) which 
leads distribution pressure, permits one estimate the 
pressure components across these sections, which effectuate the change 
momentum the liquid body the respective resultants the hydrostatic 
pressure, 


which, the weight the fluid, and the depth the center 
gravity the respective section below the free surface. 

For jump horizontal flume, the only other force component acting 
the direction the flow (and thus contributing the change 
momentum) the resultant friction forces, acting between the 
liquid body, (Fig. 1(b)), and the solid boundaries (the bottom and 
the walls) the canal. Compared the action the highly disturbed 
and turbulent motion, engendered inside the liquid body the roller and 
the expanding vein, and which naturally results pronounced losses energy 
head, the shearing stresses acting the boundary layer between the jump 
and the walls are taken insignificant their ultimate effect. 
customary, therefore, simply neglect these outward forces and eliminate 
them from “the picture” when establishing the equation embodying the 
momentum principle. other words, the familiar equations, giving the ratios 
between the stages before and after the jump, are obtained neglecting 
the friction forces, acting the comparatively short and insignificant reach, 
(Fig. 2), over which the jump extends. 

For rectangular channel, considering unit with discharge, 
the difference the hydrostatic pressure is: 


{ 
| 
{ 
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The change momentum per second, with the mass 


Equating and transforming, one obtains: 
2 


from which are developed the well-known equations, giving the relations be- 
tween the conjugated depths: 


and, 


Dynamic Kinetic Flow Equations (10) and 
(11) the relation between the stages made depend the ratio the 
critical depth the respective and d;. With reference Fig. 1(c), 


the ratio, marks the position the flow the energy curve. The 


larger the ratio, the greater will the velocity flow and, con- 


sequently, the relative part the kinetic energy component the total 
energy head. fact, each point the energy curve characterizes “state 


which may numerically qualified what has been the 
flow factor”; thus: 


which gives measure the “kineticity flow”, expressed twice the ratio 
the kinetic energy head the potential energy head contained each 
pound liquid, flowing the depth, The reason for the coefficient, 
Equation (12) that, the critical state (that is, when the flow 
the critical depth, the value becomes: 


2 
2 
Another form obtained substituting from Equation (4), thus: 
3 
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other words, the kinetic flow factor the critical depth 
Flow the upper branch the with governed the 
condition, flow the lower branch, with d,, governed 
the condition, Obviously, the factor, general dimensionless 
characteristic the dynamic conditions flow. fact, the terms 
ordinarily used studies dynamic similarity the kinetic flow factor, 
equivalent the so-called Froude number. 

important, this instance, make clear possible the premises 
that underlie the treatment open-flow problems terms dynamic 
similarity. Two basic cases must distinguished: First, that which the 
most important agencies are resistances the frictional type, analogous 
those occurring pipe; and, second, that which the features the 
phenomenon are, for the most part, determined the action gravity. 
The phenomena the first case were first studied comprehensively Osborne 
Flow these circumstances will dynamically similar, when 
the same ratio persists between the effects times acceleration, 
the Newtonian equation motion) and the frictional resistances, the 
source the origin which the general property matter known 
viscosity. this case the factor expressing, numerically, the ratio the 
inertia forces the viscous forces, has the form the so-called Reynolds 
number: 


v 


which, the kinematic viscosity, and appropriate longitudinal 


parameter, such the diameter the radius closed conduit. number 
similar structure Equation (14) would order, for example, when 
studying the frictional resistances uniform canal flow. that case, 
could the depth, any other characteristic geometric dimension, pro- 
vided the cross-sections compared were geometrically similar. 

the second case, the phenomena are principally determined action 
gravity. This was the problem faced Froude, when seeking compare 
the resistances offered surface waves created the motion vessel. 
Dynamic similarity, this case, representing constant ratio between inertia 
forces and gravity action, expressed factor known the Froude num- 
ber, and usually given the form: 


(15) 


which, appropriate longitudinal factor, such the length the ship. 

analyzing open-flow cases must first remembered, that the principle 
general may applied geometrically similar cases only. Many mis- 
takes are known have arisen from failure observe this fundamental rule. 

Furthermore, one must determine which the two types forces, 
gravity friction, are preponderant each specific case and which the 


Philosophical Transactions, Royal Soc., 1883. 
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two, therefore, should accepted the principal agent, affecting the flow. 
well known, one cannot “cater” both types forces simultaneously 
and, therefore, definite choice must made. 

Finally, must borne mind, that the longitudinal parameter, 
Equation (14) Equation (15), cannot selected random. fact, the 
parameter must correspond the essential features the particular case; 
must connected inherently with the physical agencies that influence one 
the other the two cases. For example, the case the hydraulic 
jump, the friction forces are neglected deliberately. The phenomenon 
the “jump” considered depend entirely the action gravity, which 
expresses itself the hydrostatic pressures and causes the change 
momentum. 

Thus, dynamic characteristic the Froude type order. 
longitudinal parameter, germane the physical essence the phenomenon, 
which embodies transformation the form energy, the depth, rep- 
resenting the potential energy the flow. the Froude number, 


2 


2 
appropriate dynamic characteristic the Froude type, 


would naturally follow that flow the two cases, possessing similar values 
would assume similar forms. Thus, for example, the ratio the con- 


jugated depths, or, respectively, jump (see Equations 


(10) and (11)) may expressed terms the kinetic flow factor, sub- 
stituting Equation (12) Equations (8) and (9) which gives, 


and, 


which, and are the respective kinetic flow factors the sections 
before and after the jump. 

Referring the so-called number which, indicated pre- 
viously, being used improperly ever-increasing extent: 


expression the “Froude type” (Equation (15)), which, 


wetted perimeter 
hydraulic radius related inherently with friction effect. would quite 
appropriate factor characteristic the Reynolds type (Equa- 
tion (14)) as, for example, study friction forces uniform flow; but 
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entirely out place case (such the “jump”, flow through 
structure) which the motion primarily dependent gravity action. 
Gravity has relation whatever the hydraulic radius, the latter being thus 
parameter that bears physical relation the essence the case. 
Dimensionless (16) and (17) are given 
terms ratios; that is, dimensionless form, which becoming common 
practice engineering science. Dimensionless representation results equa- 
tions the most general type. Equations (16) and (17), for example, not 
refer any particular jump. They apply equally jump the foot the 
Boulder Dam and small-scale model laboratory flume. The ratio 
the depths will the same when, and if, the kinetic flow factor identical. 
Assume, for example, that the depth flow any structure dp, with 
unit-width discharge, gp. Assume, furthermore, that the model re- 
produced geometrical scale 1:10 that the depth flow 


The discharge the model, reproducing dynamically similar con- 


ditions, requires identity the Froude number, identical value 
Thus, 


or, with 1:10: 


General Dimensionless Characteristics the Jump Terms 
The different features the jump may expressed useful form 


referring Fig. which, equal the head, provided the outflow 
losses are omitted. 


and, therefore, 


Furthermore, 


means Equation (21) and bearing mind that 
one can also determine the energy Section (2) after the jump, 
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and the loss the jump is, 
& = 1 _ 


The different elements the jump may terms they 
may presented directly terms the kinetic flow factor resulting 
the curves Fig. 


1.0 


0.9 


Values of A, 


Fie. 

These curves represent the most general dimensionless characteristics 
the jump terms dynamic similarity. The following special features the 
curves drawn are emphasized they bear directly the experi- 
ments follow: (1) The highest possible theoretical stage, 0.800, 
reached the corresponding value the initial depth being 0.4; 
and, (2) the shows that the jump attains its maximum height 

should emphasized that the characteristics given Fig. result 
from theoretical relations obtained using the momentum principle. They 
apply jump horizontal flume, the slight effect friction forces 
the outward boundaries being neglected. remains for experiments 
show, general, whether the foregoing premises, which permit simple 
theoretical approach, are justified. The curves Fig. are supported 
results obtained from experiments described subsequently. the whole, 
theory and observation agree most satisfactorily. one should expect the 
actual observed values and are somewhat lower than the theoretical 
values. This due the neglected effect external friction. general, 
experiments flumes larger size and larger scale, all probability, 
would make the deviations still smaller. 


PROCEDURE 


The experiments supporting this paper were run the 
varied-flow flume the Fluid Mechanics Laboratory, Columbia University. 
The tilting device, general outline which given Fig. was 


Opeh Channels”, Eng. Societies Monograph, 1932, 248. 
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long, in. wide, and in. high; was made welded metal. Water was 
fed the supply basin, 5-in. vertical pump, the basin being provided 
with suitable and regulated overflow. 

Due limited space and peculiarities the foundations the sump was 
rather restricted volume, built into the lower part the supply basin 
with return channel substantially the same level, placed under the flume. 
The discharge was measured special device designed the principle 
the “critical depth meter”. The device was calibrated volumetric 
measurement and was also compared with weir, using the 
Rehbock and the Swiss Engineering Society’s coefficients. The two methods 
gave practically identical results. assumed that the discharge known 
accurately within per cent. 


Adjustable 
Sluice 


Adjustable 
Overfiow 


Critical late Weir 
Vertical Depth Meter 


Pump 


the particular experiments referred this paper, the bottom 
the flume was kept horizontal, and the “rapid” flow necessary for the forma- 
tion jump, was produced adjustable sluice. The tail-water was 
regulated, and thus the location the jump was controlled means 
adjustable plate weir the end the flume. permitted 
readings that were accurate within 0.001 ft. view the jump “in 
action” has been presented 

few words explanation may useful clarify some the problems 
connected with measuring the hydraulic jump. The jump appears the eye 
erratic phenomenon subject violent and apparently inordinate oscil- 
lations. Thus, the position the toe the jump varies continuously, 
stream and down stream. greater agitation noticeable the roller 
which, first, one may led doubt whether any uniform stable laws 
apply. However, known that irrespective the apparent convulsions, the 
basic dynamic relations applying the jump (such the ratio between 
the depth, and are unexpectedly uniform and constant when taken 
average values over given period. Moreover, matter how violently 
the position the jump appears vary, stable and definite average read- 
ing vertical element may obtained over period when, for example, 
the position the pointer adjusted that the flow oscillates one side 
and then the other, around the selected position, more less equal time 
intervals. this sense that average profile the roller covering 
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the expanding “live vein” the jump may obtained successive vertical 
readings chosen points. 

Further explanation necessary with regard the term, “length the 
jump”. The beginning the jump, the toe the roller, well defined; 
but there has been some confusion what constitutes the “end the 
jump”. Some writers’ assume the end substantially point where 
adverse flow longer observable. the writers’ experience, this defini- 
tion would determine the end the roller, and not the end the jump. 

The roller usually shorter than the jump whole. Furthermore 
(and this concept essential), the roller accompanying feature only, 
The essential function the jump transform the energy from kinetic 
potential. This accomplished the expanding vein under the roller. The 
jump thus characterized pre-eminently increasing depth flow. 
the contrary, beyond the jump, after expansion has ceased and the stream 
filaments have become parallel (in the sense defined herein under the heading, 
“The Hydraulic Jump”), the depth begins diminish—at least horizontal 


X= 3.99; g= 1.416 cu ft per sec 
} =30.53; ¢=0.846 cu ft per sec 
2 =74.56; ¢= 0.372 cu ft per sec 


Depth in Feet 


5 2.0 
Horizontal Distance in Feet 


flume. other words, this region, flow characterized the lowering 
the surface level. logical under such circumstances conceive 
the end the jump section which the surface level reaches its maximum 
height and which the rising curve the expanding vein under the roller 
passes into the “drop” surface the subsequent reach gradually varied flow. 
other words, shown schematically Fig. the end the jump 
Section (2) where the depth, has reached its maximum value. practical 
experimental work the difficulty lies the fact that the entire surface 
this region very flat and subject continuous oscillations. 
most eases, therefore, rather impossible determine the position 
the end section direct observation. The method used was trace pro- 
files based average observations, and then select the end point from the 
drawing thus obtained. was necessary trace such profiles for each run 
(see Fig. 5). Even then, due the flatness the curves, all one can 
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establish zone within which the position the end section more 
less arbitrary. Obviously, this instance, many other cases 
experimental engineering, one dealing with “transition zone”. 

Another delicate operation the measurement the initial depth 
the lower stage Section (1), (Fig. 2). The higher the kineticity, the 
smaller will the value Equation (12), the depth, d,, appears 
third power. Any error, therefore, affects the final result 
seriously. These facts define natural limit experimentation. One cannot 
increase decreasing beyond reasonable amount. Then (see Fig. 2), 
the initial depth must measured the toe the roll, which 
oscillating state and which obviously interferes with the pointer the 
The procedure used was again trace auxiliary profile 
the free vein over certain stretch moving the jump somewhat downward. 
After the profile was thus determined, the jump was brought back into posi- 
tion, and the respective depth, d,, was taken from the auxiliary tracing. The 
procedure clearly demonstrated Fig. 

The actual experiments were run during period about ten months, be- 
ginning December, 1932. least one-half the time was spent calibration 
and preliminary work, which methods procedure were gradually 
developed. Most these preliminary results were discarded and, with the 
experience and skill gained, second and final set was run. For each run 
certain discharge, and certain depth, d,, were maintained over the entire 
period the experiment. Then, double series profile observations were 
made, one going down stream and then returning stream. The discharge 
was measured the beginning and the end each run. Only such runs 
were considered satisfactory for further use and interpretation, which showed 
permanent discharge and which, addition, registered coinciding profile read- 
ings. the whole, experimenting with the jump tedious work, demanding 
patience and perseverance. best, day hr, only two success- 
ful runs were possible. 


The principal results the experiments are summarized Table The 
observed values are and the length the jump, For the latter 
(Table Columns (4) and (5)) the experimental data are given the form 
range shown Fig. The other tabular values were computed. The 


basic factor is, and the initial energy, 


The ratio, Column (12), Table the quotient, and Column 
1 


(7) the difference the values Columns (3) and (2). The dimensionless 
factors Columns (9), (10), and (11), Table are obtained dividing 
Columns (2), (3), and (7) Column (8). 

Length the first and immediate aim the research under- 
taken was obtain comprehensive data concerning the length the jump. 
Columns (13) (20), Table give the length terms dimensionless 
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Ratios or Comparison, RANGING: 


From To 
(13) (14) 


ratios, the observed Columns (4) and (5), being divided Columns 
(2), (7), and (8). The results are represented Fig. tracing 
the curves, obvious that they must pass within the plotted regions, indi- 
the possible range the Then, the investigator should 
guided the interrelation between dj, illustrated Fig. 
other words, when certain region happens marked particularly 
data, the curve question can traced, nevertheless, making 


Values of 
2 


men 
the 
(slig 
feat 
to 
(5) (6) (7) (8) (9) (10) trat 
4.52 0.322 0.743 0.307 0.749 
5.47 0.432 0.930 0.268 0.732 
6.72 0.517 0.229 0.708 
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use some other curve, which that particular region will experi- 
mentally defined with better precision. The upper limit practicable 
the case, could not extended beyond (see Fig. 6). The lower limit 
(slightly more than 3.5) determined, the other hand, certain physical 
features inherent the phenomenon. indicated previously another 
connection,” the maximum d,-point Fig. corresponding theoretically 
delimits two possible forms the jump: (1) The direct jump illus- 
trated Fig. and the undulating jump Fig. Obviously, the region near 


L 


L 
and > 
2. 4 
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d 
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Values of = 
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Fic. 

change the undulating forni gradual and that the undulations increase 
diminished. Fig. gives striking confirmation the foregoing 
statements. The discharge being kept constant, the sluice was gradually 
opened and the kineticity decreased. The undulations become more and 
more pronounced. numerical values for are given the diagram, 
because the vein the lower stage ceased parallel. Due curvature 
the distribution pressure longer hydrostatic and the simple expression 
(Equation (2)) for longer applicable. One may gather from Fig. 
that the effect boundary friction (disregarded the Bélanger theory) 
would shift the actual point, (maximum), somewhat the right. 
For this reason, the zone dividing direct and undulating jumps would 
actually somewhat greater value than the theoretical, possibly 

Generalized Profiles the plotting the profiles, Fig. the 
Writers became impressed the fact that the outlines apparently such 
irregular and capricious phenomenon the jump finally proved un- 
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expectedly regular. The idea naturally arose reduce all the observed profiles 
some unified dimensionless form. After certain trials, appeared ex- 
pedient use the height the jump, dj; the parameter for 
reference. The different profiles were referred system co-ordinates, 


in Feet 


Depth 


0 05 1.0 15 2.0 25 3.0 
Horizontal Distance in Feet 


shown Fig. 8(a). The zero point coincides with the beginning the 
jump. The co-ordinates the surfaces are made dimensionless 


ing the ratios, and series profiles was traced this manner, 

selection which given Fig. Intermediate profiles are omitted 

order avoid obscuring the curves. 
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The jumps embodied these profiles are typical large variety. The 
depth varies from 0.03 0.25 ft; the length, from 1.5 more than 


ft; and the ratio, changes from about nearly 12. Notwithstanding 
1 


this variety, the profiles, when presented terms dimensionless co- 
ordinates, range within rather restricted area. further step reached 
using the tri-dimensional presentation given Fig. 


Values 


Conclusions.—The results obtained the writers may summarized 
stating that, plotting dimensionless ratios against the kinetic flow factor, 
consistent unified set curves has been obtained. The most consistent 


regularity that the which accord with certain practical 
2 


scattered throughout recent periodical literature. The form 


the —-curve, which shows maximum point, should considered con- 
2 


nection with the outline the curves Fig. 

The curves are offered the Engineering Profession seemingly the 
broadest summarized experimental evidence available the moment. 
felt, that they may useful connection with practical engineering design. 
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The writers are fully conscious the fact that the size the flume and cer- 
tain imperfections its construction militate against greater precision 
the results. believed, however, that the general aspects the phe- 
nomenon the hydraulic jump have been made clearer. 
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APPENDIX 


The following notation, introduced this paper, consistent with the 
American Tentative Standard Symbols for 


depth flow potential energy head, depth flow 

acceleration due gravity. 

denoting “hydraulic jump”. 

subscript denoting “kinetic” 

appropriate longitudinal parameter. 

subscript denoting 

intensity pressure; subscript, denotes “prototype”. 

discharge per unit width. 


radius; 


wetted perimeter 


variable distances from the Y-axis 
variable distances from the X-axis. 
elevation head; depth the center gravity section 
below the free surface. 
Boussinesq number. 
Chezy’s coefficient; subscript, denotes “critical”. 
force; total force. 
Froude’s number. 
total head any point. 
length hydraulic jump 
total pressure. 
rate discharge. 


A—Z10b—1929. 
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hydraulic radius. 

Reynolds number. 

average velocity section. 

specific weight fluid. 

energy head, total specific energy flow; potential 
energy; kinetic energy, energy loss the 
hydraulic jump. 

kinetic flow factor. 

density. 


viscosity 


= 
= 
= 
= 
5 
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DISCUSSION 


Hunter (by full accord with modern trends 
the science fluid mechanics, the authors have recognized this familiar 
hydraulic phenomenon physical problem which may fully understood 
only through physically correct methods approach. means dimension- 
less analysis the phenomenon according the Froude criterion 
similarity, the hydraulic jump has finally been given definite form and 
character terms universal parameter, with the determination 
general relationships involving jumps every size and nature. 

Too much credit cannot given for the devotion many hours 
tedious measurement, computation, and discussion, during which the writer 
was often privileged witness. Only those who have experienced the high 
degree turbulence and accompanying fluctuation the region the 
jump can appreciate the care such measurements entail; yet far from 
the expected scattering points, the authors’ results show remarkable co- 
ordination. Aside from presenting new data covering systematically great 
range conditions, and correct physical interpretation these data, the 
authors’ paper serves the excellent purpose clarifying number basic 
points often confused previous investigations. The writer adds the follow- 
ing discussion the hope that may throw further light upon important 
type fluid motion. 

During the century following Bidone’s first description the jump, 
hydraulicians were slow conclude that the popular energy principle had 
abandoned for the principle momentum before the height the 
jump could computed successfully. Although the application the momen- 
tum principle had been suggested shortly before the middle the Nineteenth 
Century Bélanger, emphasized later Bresse, and finally discussed 
length Unwin the Encyclopedia Britannica 1880, late 1916 
many publications, both the United States and abroad, still held persis 
tently the assumption constant energy according the Bernoulli theorem. 

Various writers, however, developed empirical equations for the relation 
the two depths, believing that energy loss must exist; typical these 
that Merriman, included the early editions his text hydraulics.” 
Whatever the relationship used, abundant experimental results were quoted 
the different writers, the best-known data being those Bidone (1818), 
Darcy-Bazin (1856), Ferriday-Merriman (1894), Gibson (1913), and Riegel- 
Beebe, the Miami Conservancy District (1917). With the perfection 
the indoor laboratory Germany considerable study was given the 
jump, which the experiments carried out under Koch Darmstadt are 
good Rehbock made constant use the basic momentum principle 
the design spillway and the much-quoted thesis 


“2 With Soil Conservation n Service, California Inst. of Technology, Pasadena, Calif. 
Elected an Assoc. M. Am. Soc. C. E., on January 13, 1936. 

Treatise Hydraulics,” Mansfield Merriman, Am. Soc. E., Fourth Edi- 
tion, John Wiley & Sons, New York, 1894. 

des Wassers,” von Koch-Carstenjen, Julius Springer, Berlin, 1926. 

“Die Verhiitung Kolke bei Sturzbetten,” von Th. Rehbock, Der 
genieur, 1928, Heft 
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open-channel discussed the position the jump with regard 
channel slope and discharge. noteworthy, however, that little mention 
was made any these investigators the longitudinal profile; nor had 
successful attempts been made treat the problem one dynamic 
similarity. 

Apparently, Groat and Kennison were the first make use this case 
term similar form the Froude number,” but remained 
Safranez, series experiments conducted the laboratory the 
Technische Hochschule, Berlin, undertake two-dimensional physical 
study the problem, which constant use was made the foregoing 
dimensionless term—without realization that was actually the Froude 
number. Safranez gave empirical relationship for the length the jump, 
stating, addition, that was approximately 4.5 times the down-stream 
depth and that the slope the jump was practically constant. (Refer 
Figs. and the authors’ paper these two diagrams deserve careful study, 
they show comprehensive form the actual variation the length and the 
shape the jump with the Froude number, and the transition the undular 
form this number approaches minimum.) 

Following closely upon the publication the foregoing papers, con- 
troversy arose abroad over the part played the surface roller the 
apparent energy loss accompanying the jump. The roller was held several 
(in particular negligible influence, and various experi- 
mental and theoretical methods are still being used and misused prove 
both sides the case. Einwachter, whose recent paper the length the 
jump” has been supplemented yet unpublished experiments, has attempted 
show the importance the roller replacing with fixed upper boun- 
dary and noting the resulting change depth; the other 
hand, has analyzed the action the roller from the viewpoint regions 
discontinuity (sources turbulence) between the roller and the actual flow 
resulting turbulent interchange momentum. 

The most recent departure from traditional research has been the endeavor 
study the jump three-dimensional phenomenon the diverg- 
ing section Venturi flume. was Engel that the Boussinesq number 
was devised, thus incorporating universal parameter characteristic 
gravitational action width term having bearing whatever upon the force 
gravity. 


der von Biss, Verlag. Berlin, 1927. 


Hydraulic Jump Open Channel Flow High Velocity.” Karl Kenni- 
son, M. Am. Soc. C. E., Transactions Am. Soc. C. B., Vol. LXXX (1916). p. 338. 

und die Energievernichtung des Wassers,” von Safranez, Der 
Bauingenieur, 1927, Heft 49; “Untersuchungen tiber den Wechselsprung.” Der Bauinge 
37, 38; and “Energieverzehrung der Der Bauingenieur, 


und Energieumwandlung,” von Kozeny, Wasserkraft und Wasser- 


,” “Berechnung der in der Wehrbreite gemessenen Langenausdehnung von Deckwal- 
von Wasserkraft und Heft 14, 21, 1932; Heft 17, 


Flow Water,” Engel. The Engineer, April and 28. and 


May 1933; and mit offenen seitlich eingeschniirten 
von Engel, Zeitschrift des Verein Deutscher Ingenieur, December 1933. 
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The authors have distinguished carefully between the significance the 
Froude number and the Reynolds number, stating that the Froude number 
the correct criterion cases gravitational action only, and the Reynolds 
number the case viscous action only, and that practically impossible 
obtain complete dynamic similarity both viscous and gravitational forces 
are present appreciable degree. 

quite possible that, the past, the loss energy accompanying the 
jump has been the indirect cause the failure consider the jump terms 
the Froude number, for the hydraulic engineer has become prone 
think energy loss synonymous with conversion into heat, the latter being 
possible fluids only through viscous action. Thus, would seem first 
thought that viscous forces are means negligible the hydraulic jump. 
fact, between computed and measured values depths are 
generally attributed friction losses along the bottom and sides the 
channel. Actually, however, such losses are probably extremely small over 
the short length flow involved; the discrepancy arises rather from failure 
consider the velocity defect along bottom and sides computing the true 
mean velocity head; known fact that such failure may cause consider- 
able error measuring the actual energy flow, particular since this 
defect exaggerated such abrupt deceleration flow occurs the jump. 

Clarity the matter energy loss may attained only through 
revision the impressions received elementary courses hydraulics. 
“Loss” hydraulic energy seldom synonymous with immediate conversion 
into heat energy; fact, only the case pure laminar flow that 
such immediate conversion takes place. turbulent flow through smooth 
pipes, for instance, similar direct loss occurs the laminar boundary film 
adjacent the pipe walls, but within the turbulent region the situation 
quite different. 

the familiar Bernoulli theorem, the specific energy flow expressed 
the sum velocity head, pressure head, and elevation. What the theorem 
fails include fourth term expressing the energy turbulence, often 
great magnitude, which the hydraulician has had yet means 
measuring utilizing; this missing term should denote the energy 
rotation, since the velocity head includes only the kinetic energy trans- 
lation. the conversion this turbulent head which corresponds large 
measure the apparent energy “loss” caused valves, “stilling” racks, 
abrupt changes section, flow through rough pipes, and the hydraulic 
jump. each these cases the hydraulic “loss” formation excessive 
turbulence largely entirely independent viscous action. Although tur- 
bulence itself may reduced intensity only through viscous shear 
and accompanying conversion into heat, this latter process means 
immediate, but the contrary extremely gradual. Hence that the 
resistance coefficient for rough pipes high Reynolds numbers (where turbu- 
lence caused the action the roughness projections) constant 
term, independent changes viscosity; for the same reason the energy 
conversion from energy translation into energy turbulence 
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the hydraulic jump practically independent viscosity and hence 
not function the Reynolds number. 

Were possible express energy turbulence fourth term the 
Bernoulli equation, would follow once that the jump could treated 
correctly means the energy principle, since the actual energy the 
individual particles practically unaffected thermal loss during the short 
time passage through the jump. remarked that the general 
problem turbulent energy outstanding importance modern fluid 
research. 

The question the part played the surface roller should quite clear 
once this conception turbulence understood. The roller indis- 
pensable part the direct jump the turbulent wake caused flow past 
valve inseparable part the function the valve. Those who have 
observed carefully the behavoir the roller through the glass walls 
experimental flume will recall vividly enough the fact that the roller not 
the idealized, distinctly outlined region flow shown schematically illus- 
trations, but active participant the diverging flow. other words, 
portion fluid involved any instant the reverse motion the roller 
remains the roller for more than brief space time; instead, violently 
rotating masses this roller are torn away constantly into the live stream 
below, this continuous process resulting the high degree turbulence— 
and hence apparent loss—which characteristic the phenomenon. 

should obvious that such recent expedients omitting the roller 
from the physical analysis the phenomenon replacing sloping 
upper boundary held place above the flow are quite beside the point. 
the other hand, although the roller inseparably associated with the jump, 
its length not true measure the jump itself; nevertheless, European 
experimenters have often located the apparent end the jump determining 
visually that point which the reversal surface movement terminates. 
the credit the authors that their analysis particularly definite and 
correct all these troublesome points. 


such admirable exposition multiplicity involved mathematical rela- 
tionships, one feels necessity for trying reduce the complicated series 
consecutive steps some logical system simple enough pictured 
one’s mind entity. this necessary review all the steps 
the discussion and attempt isolate the fundamental connecting bases. 

The entire mathematical theory for the hydraulic jump horizontal 
frictionless rectangular channel based two fundamental equations which, 
using the author’s notation, are: 


and, 


Equation (24) commonly designated hydraulics the “law conti- 
Engr., T.V.A., Knoxville, Tenn. 
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second law motion. Equations (24) and (25): density the liquid; 
acceleration gravitation; velocity before entering the jump; 
velocity after leaving the jump; depth before entering the jump; 
and, depth after leaving the jump. Considering and known 
constants, the other four quantities remain variables. From Equa- 
tions (24) and (25) any one the four variables, may desired, may 
eliminated. eliminated, for example, the commonly used formula 
for the jump obtained: 


addition the foregoing variables, the author introduces, among others, 
the following, all defined terms the original four: 


y2 
and, 


With Equations (24), (25), and (27) (34), inclusive, possible, 
theoretically, eliminate any nine the twelve variables, giving 222 differ- 
ent equations, each cortaining three variables. Each these equations can 
solved for each the variables and, therefore, can written three 
different ways, making total 666 possible equations, any which may 
used one should desire. (Actually, the number would slightly 
less, due the fact that some the equations would contain only two 
variables.) 

Unfortunately, equation containing three variables cannot usually 
represented graphically single line, any other equally simple man- 
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lines. handle equation three variables, then, common 
device divide one the variables, reduce the variables ratios, 
such way as, effect, reduce one them unity, thus 
obtaining equation which can platted single line. With twelve 
yariables, ignoring reciprocals, sixty-six different ratios can obtained, all 
which can used swell still greater numbers the list possible equa- 
tions. would even possible extend the combinations further taking 
ratios ratios; but remembered, contemplating such endless 
series mathematical gymnastics, that the entire mass contains more 
knowledge than the two original equations and the definitions the variables. 

not extremely laborious plot family curves; several families 
can put the same diagram; therefore, few diagrams would suffice 
introduce all the variables desired. However advantageous may 
develop large number equations for purposes research, theoretical 
study, and gaining insight into the nature the phenomenon, for the 
purposes the practicing engineer, seems desirable adhere closely 
possible the basic equations together with tables and diagrams 
represent them. 


interest apply the data given Table the formulas for length the 
hydraulic jump Donald Barnes, Jun. Am. Soc. E., who 
reports certain investigations made Germany Dr.-Ing. Kurt Safranez 
and quotes conclusions and formulas Professor Ludin. The authors take 
issue with Dr. Safranez and contend that the jump longer than that 
distance subtended the visible roller arbitrarily defined him. Pro- 


fessor Ludin suggests 4.5. The average values Column 
2 


(4), Table for the observed minimum length jump divided values-in 
Column (3), for d,, the down-stream water depth, happens exactly 4.5. 
The average for values Column (5), the maximum length, divided 
5.0 and ranges from 4.6 5.5 which from 110% the average. This 


2 


Professor Ludin proposes more accurate formula which may derived 
from the following: 


and, 


which, addition the notation the paper, “flow index.™ 
Dept. Investigations and Project Studies, 


Denver, Colo. S. Bureau of Reclamation. 


Civil Engineering, May, 1934, 262. 
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combining Equations (35) and (36) and solving for the length jump, 
formula obtained which, the notation Fig. is: 


9d, 
which the critical velocity obtained from Equation (4). 


The results applying the data Table Equation (37) are shown 
Table The observed maximum length varies from 55% the computed 


for the lowest ratio Column (12), Table 86% for the highest 


1 


ratio. the percentages Column (7), Table are plotted against the 


corresponding values two curves may drawn indicate the 
1 


VELociry, VELO 
Ve - percent- Ve Vi om- - | (percent- 


puted|servedt ages) 


0.439 3.26 61.2 0.220 3.05| 2.62 85.9 


mate outside limits the range coefficients applicable the Ludin 
formula and the discrepancy this formula based upon these data. Judg- 
ing from these curves appears vary from 65%, points, for 


-ratio 2.5 the lower end the curves and from 87%, 
1 


points, for -ratio the upper end. 
1 
For illustration assume 0.36 ft, 2.40 ft, 17.2 per 
sec, and 5.7 per sec. the rough average approximation, 
the length 2.40 12.0 ft. Equation (27) 14.4 ft; or, applying 


the correction corresponding -ratio 6.7 which ranges from 82.5 


1 
86.5% and averages 84.5%, the length equal 144 84.5% 12.2 ft. 
this case the “rough” approximation not rough! 
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the component parts the hydraulic jump terms common para- 
meter has reduced the characteristics this phenomenon more readily 
understandable basis. The curves presented summarize the results the 
experiments performed the authors very concise manner. The differen- 
tiation between the use the Froude and the Reynolds numbers also 
notable. 

With regard the use the results engineering design, there are cer- 
tain factors borne mind which were not disclosed the authors’ 
experiments, which were made producing flow high velocity means 
discharging water under sluice. Flow this type occurs from sluices 
canals from sluices the toes dams. notable example the 
latter found the flood-control dams the Miami Conservancy 
District, Ohio. Hydraulic jumps also occur the bottoms chutes, 
either canals spillways from reservoirs. They also form the toes 
overflow dams. 

all cases where the flow water allowed accelerate over 
cient distance, air mixed with the stream, and the phenomenon “white 
water” occurs. The same admixture air with water can observed 
waterfalls, stream channels, when the velocity sufficiently 
high draw air into the water its agitation. Very few data appear 
available the volume air which will become mixed with the water 
under these conditions. Such data are available indicate that pro- 
portion the velocity: other words, velocity per sec would 
entrain 10%, air volume and velocity per sec would entrain 
40% air volume. 

The entrained air increases the bulk the water near the bottom 
the apparent value increased. When this mixture strikes 
the pool the foot chute, the agitation the pool greatly increased. 
open pool, not probable that the depth, changed from the 
value normally expected, the air rapidly expelled. However, the length 
the jump materially increased, and usually found practice that 
the length pool determined the ordinary hydraulic formulas inade- 
quate. Additional free-board also necessary the bottom the chute 
and the pool, due the great agitation the water before the air 
expelled. 

More data are required for the design such structures, both with regard 
the volume air entrained high velocities and also with regard the 
effect the air the hydraulic jump. Data the first phase the prob- 
lem are rather difficult secure laboratory methods. would appear 
that the velocity, the distance traveled, and the roughness the surface 
the conduit had some bearing. 

However, data the effect entrained air the hydraulic jump could 
easily determined the laboratory. the experimental flume used 
the authors, air could have been introduced the bottom down stream 


Hydrographer, East Bay Municipal Utility Dist., Oakland, Calif. 
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from the sluice and the effect the jump noted. hoped that the authors 
will able expand their experiments cover this phase the hydraulic 


jump. the meantime, designers should increase the ratio values 


2 
greater than when conditions are such that expected that air 


will entrained the water above the jump. 


O’Brien,” Assoc. Am. Soc. (by pre- 
occupation engineers with the vertical elements the hydraulic jump 
the neglect the horizontal dimensions attributable general amazement 
the almost perfect agreement between theory and experiment regards the 
depths and velocities involved. That turbulent phenomenon needed 
ignorance” was both surprising and encouraging, and interest 
has helped greatly advancing the application the momentum prin- 
ciple the solution hydraulic problems. 

One feature the jump which deserves attention the fact 
that the equations apply frictionless liquid and yet loss energy 
indicated. The theory provides means dissipating energy and one left 
assume that the energy Point (2) Fig. the same Point (1), 
but that portion has become unavailable cause further flow. The 
explanation appears lie the fact that although the sums the pressure 
forces and dynamic reactions are equal and opposite sign the two points, 
the lines application not coincide and the fluid moving through the 
region the jump subjected continuously applied moment which 
superimposes rotational velocity the average velocity forward motion. 
The energy involved this rotational motion the “loss” obtained from the 
combination the momentum and energy equations. should emphasized 
that the mere existence surface “roller” could not cause energy loss 
because little energy could dissipated the roller itself. However, parts 
this roller are continually torn away from and pass down stream vor- 
tices, the total energy lost the summation the energies these vortices. 
any real liquid, viscosity soon brings about the conversion this macro- 
scopic rotational energy into thermal energy. That the jump not 
reversible phenomenon which the depth can decrease the direction 
flow from d,, which possible from momentum considerations aloue, 
indicated the impossibility recovering this random thermal energy 
energy directed motion. 

Another feature the hydraulic jump which deserves more attention 
the distribution velocity vertical sections, and the rapidity with which 
approaches that resulting from friction alone. does not appear safe 
assume that, the depth, the velocity distribution normal for the reason 
that the highest velocities exist initially very near the bottom and there 
general criterion indicating the distance necessary for them reduced 
certain fraction their initial intensity. may that phenomenon 
which similar “separation” along the blades propeller pumps 
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and turbines. Considering the layers immediately adjacent the bottom, 
momentum and velocity must lost rate sufficient overcome both 
friction and the adverse pressure gradient and point reached which 
the forward velocity reduced zero. The main stream may then separate 
from the bottom and pass over eddy sign opposite that the surface 
roller. 

recent years, some difficulties have been encountered the operation 
hydraulic jump drops irrigation canals. these structures, the jump 
occurs pool the bottom incline, and may that the usual 
pool length not sufficient for the bottom velocities reduced 
safe value. 

most problems open-channel flow, the energy and momentum curves 
can computed from the average velocity (quantity divided area), but 
where local conditions cause considerable deviation from the normal velocity 
distribution, correction factor must applied take into account the fact 
that the average the momenta and energies transported across elementary 
areas exceeds the momentum and energy based average The 
authors assume that this correction factor unity. 


paper are particular interest the writer and they are valuable contri- 
bution the application dimensionless presentation hydraulic test 
results open-channel flow. these days the application the Reynolds 
number common occurrence analyzing the frictional coefficient 
closed conduits, the discharge coefficient orifices and Venturi tubes, 
Nevertheless, few papers deal with the specific problems open-channel flow 
that basis. 

Several pages the paper refer “Theoretical Premises,” which involve 
the Reynolds, Froude, and Boussinesq numbers. The remarks concerning the 
Reynolds number are quite consistent with the usual conception that 
expression hydraulic engineering, but the writer would like suggest some 
modification the sections the Froude and Boussinesq numbers, especially 
feels himself responsible for introducing term which has been 
called the “Boussinesq” number. 

The flow factor, known the Froude number, was applied for the 
first time similar form Th. Rehbock 1919 for the calculation 
the head losses for water flow through bridge piers. This factor (see Equation 
(2)) given twice the ratio the kinetic energy head the potential 
energy head contained each pound flowing the depth, The 
velocity, the mean velocity obtained dividing the rate flow through 
the cross-section the stream. This expression certainly very convenient 
and may also sufficient some cases; but Coriolis, Saint Venant, and 
others have shown that necessary use value which takes into 
account the velocity distribution over the cross-section. For such conditions 


Johnson, Engineering News-Record, August 1934 
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the kinetic energy greater than the kinetic energy based the mean 
velocity,” and, therefore, Equation (2) becomes: 


2 
which greater than unity. 
Equation (12), therefore, would become: 
3 


This expression, including would certainly rather tedious evaluate, 

and the reason for presenting mainly show that the relations given 
the authors are not quite simple they would They point 
out that “the hydraulic radius related inherently with friction effect.” 
turn, the friction effect influences the velocity distribution and also the new 
term, Equations (38) and (89). seems quite reasonable com- 
bine and Equation (39) such manner that becomes: 
y? 


and replace the ratio, (which has the dimensions length, but also 
a 


takes into account the velocity distribution), the hydraulic mean radius, 
obtaining Equation (18), the dimensionless quantity which has been called the 
Boussinesq number. 

The writer has made extensive use both the Froude and Boussinesq 
numbers his present investigations flow through side-contracted open 
channels (Venturi The Froude number characterized type 
flow which known “free discharge.” For given rate flow “free dis- 
charge” defined that condition under which the up-stream depth 
unaffected, whatever the down-stream conditions may be. 

The hydraulic jump could not always determined 
“critical” Froude number. and investigators also found that 
the “critical depth” had not yet been reached the water level the narrow- 
est section the contraction spite the appearance surface rollers, 
which are commonly attributed the presence hydraulic jump. Rehbock 
regarded this “partial change rapid flow” (“Teilweiser Fliesswechsel”) 
being due uneven velocity distribution. some section the water 
stream, there sufficiently high velocity produce state rapid flow. 

The writer has the expression which Professor Rehbock used 
determine the first occurrence hydraulic jump. Rehbock’s relation 


der Technischen Hydromechanik,” Mises, Leipzig and Berlin, 
1914, pp. 

Flow Water: Problems and Phenomena Open Channels 
Side Contractions,” Engel, The Engineer, Vol. 155 (1933), pp. 392 
429 430; and 456 and and “The Venturi Flume,” The Engineer, Vol. 158 
pp. 104 and 181 

Zentralblatt der Vol. (1919) pp. 197 200. 
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function the Froude number and for that reason not satisfactory 
determine the change from streaming flow rapid flow. The “critical” 
Boussinesq number was found more reliable over wide range flow 
characterize the change from one type 

The attacks the Boussinesq number seem the writer relatively 
unfounded. Three different applications have proved the usefulness this 
number. The practical engineer must judge the merits new expression, 
especially with regard the extent which simplifies the presentation 
test results, even the definite theoretical proof not yet 
established. 

three cases the application the Boussinesq number has been found 
yield some simplification presenting the following hydraulic features: 


(1) The discharge coefficient Venturi flume the range rapid 
flow linear function the Boussinesq number 

(2) The dissipation energy the case Venturi flume for the 
“limit free discharge” can presented simplified way plotting the 
ratio the down-stream depth the up-stream depth against the Boussinesq 
number for section the and 

(3) The change from turbulent streaming flow rapid flow given 
critical Boussinesq number which determines the first occurrence 
hydraulic jump.” 


would have been very interesting the authors had published the 
different features the hydraulic jump cases where the up-stream depth, 
the depth the foot the hydraulic jump, exceeds the hydraulic mean 
radius. From Table the writer perceives that the investigators cease their 
investigations point where the depth the foot the jump exceeds 
the value the hydraulic mean radius. Furthermore, Fig. some test 
results the range the undulating jump (that is, for values the kinetic 
flow factor smaller than would general interest. 


mechanics, although more especially aerodynamics, the writer desires 
endorse heartily the plan attack followed this paper and the presentation 
results generalized, dimensionless form through the aid the prin- 
ciple dynamic similarity. From practical considerations alone, the grow- 
ing interchange material between countries having differing systems 
units, such the English and the metric, makes highly important have 
results equally useful regardless the basic system units. Furthermore, 
has been often noted, the method dynamic similarity causes one 
give careful scrutiny the variables involved and the most significant 
simple combinations these variables into coefficients parameters. 

There also much said favor the tri-dimensional representa- 
tion the profile, given Fig. Engineers generally need culti- 


Mech. Eng., Univ, California, Berkeley, Calif, 
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vate familiarity with these three-dimensional presentations and facility 
reading them. They are labor-saving devices, much simpler actual use 
than the combination several two-dimensional charts, which are otherwise 
necessary. The entire Engineering Profession indebted the authors for 
the elegance treatment resulting from the discrimination exercised 
selecting this form presentation. 


Am. Soc. (by presenting the results 
their research the length the jump, the authors have made most 
valuable contribution hydraulics. They might have made more happy 
choice symbolism, however. The writer has found the notation, which 
follows Professor Bakhmeteff’s book entitled “Hydraulics Open 
quite “hazard” mastering this paper. 

There are only two independent characteristics the hydraulic jump, the 
initial depth and the initial velocity. From them are derived the initial 
energy head, the final depth, final velocity, the final energy head, the 
lost energy head, and the empirical characteristic—length. these factors 
are expressed terms any other, series ratios obtained which 
expresses the characteristics the jump dimensionless terms dynamic 
similarity. 

The authors have chosen the initial energy head the denominator 
their dimensionless terms. Mr. has expressed the jump char- 
acteristics terms Belanger’s critical depth. Mr. has 
expressed them terms the lost energy head. The writer following 
and others has chosen express them terms the initial 
depth. Thus, the dimensionless terms, reality, become jump dimensions 
for unit initial depth. Viewed this light, such jump may for brevity 
termed “unit jump,” and far simpler conception had think- 
ing such than through any other set dimensionless terms. There 
appears advantage the use the “kinetic flow factor,” over 


(which equals has the limiting value 0.5 for critical velocity, which 


the ratio initial kinetic potential energy. This ratio, 


expresses the simple criterion for critical flow that, any shape channel 
whatever, the velocity head one-half the mean depth. 

quite inferior the ratio heretofore used Woodward and others, namely, 


particularly when dealing with jumps channels other than 
1 
rectangular. 


Hydr. Engr. (Stevens Koon), Portland, Ore. 
Eng. Societies Monographs, McGraw-Hill Co., 1932. 


Standing Wave Hydraulic Jump,” Publication No. Central Board 
Irrig., Simla, India. 


Technical Repts., Pt. Miami Conservancy Dist. 
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The writer suggests the following simplified notation: Let initial 
depth; final depth; initial velocity head; velocity head; 


Then the following dimensionless terms apply “unit jump”: 
1 
d, d, d, d, d, 


rectangular channel, unit width, the fundamental relationship 


which may verified from Equation (16) substituting The 
jump characteristics may now expressed terms either both. 
Thus: 


and, 


Vatues of / 


20 
Values of k, e&, and il 


Fic. 10. 


Fig. shows the dimensionless characteristics the unit jump terms 


6—+—__ 
4 
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empirical ratio obtained averaging the values Columns (13) and (14), 
Table 

significant note Fig. that the characteristic curves are with- 
out points maxima minima. There maximum height jump. 
The authors’ maxima for d’, and Fig. are not physical 
the jump all, but merely consequences the terminology which its 
characteristics are set forth. matter fact these so-called maxima are 


The advantage the writer’s terminology becomes apparent when expres- 
sions for the characteristics the jump are desired for channels other than 
rectangular. Fig. 10, like Fig. applicable only rectangular conduits 
and unit widths. The fundamental relationships between and how- 
ever, may found for wide variety conduits.” Once this relationship 
found the other characteristics follow logically. 

The general dimensionless formula for height jump trapezoidal 
channel is: 


which bottom width; and the side slopes (that is, 


1); the two side slopes are different, the average the two. For 
rectangular channel and can shown that Equation (44) reduces 
Equation (40). For triangular conduit and Equation (44) 
reduces to: 


Considering conduit with cross-sectional area that may expressed 
the exponential function, which determinable constant, the 
height the jump given by, 


For parabolic section, and Equation (46) becomes, 


Civil 1933, 864; also, discussion Hickox, Jun. Am. 
Soc. B., Loc. cit., May, 1934, 270. these papers the ratio, used instead 


latter preferable and avoids the possibility confusing with the hydraulic 


“ 
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channels, the cross-sectional areas which are segments circles, 
table hydrostatic pressures essential. Such table and explanation 
its use finding the height the jump circular conduits will 
found the writer’s paper previously cited herein.” 

irregular channels the characteristics the jump may found graph- 
ically from the and momentum-plus-pressure 
Julian Hinds, Am. Soe. 

All the foregoing expressions are dimensionless and for any given channel, 
involve only the two simple ratios, and which are sufficient for the com- 
plete solution the hydraulic jump. While the expressions are many 
degrees, they are effect single valued, since for every value there 
only one value that will fulfill the physical conditions, and vice versa. 
Once known readily found trial. 

The writer questions the significance given the “zone undulating 
jumps” (Fig. 3). Fig. shows gradual transition from stable undu- 
lating jumps the ratio kinetic potential energy diminished. Quite 
properly, the authors refrain from putting these results terms the initial 
energy because the accelerations involved and the consequent departure 
from hydrostatic pressures, the water prism. 

reality not this “undulating jump” merely “hang-over” from the 
oscillations that always accompany critical flow? critical flow depths may 
vary considerably without appreciably changing either the energy momen- 
tum-plus-pressure values. consequence the surface unstable 
state and pronounced waves occur. For such conditions there jump, 
and all the foregoing equations and (the authors’ 1). 
If, now, the energy increased and the potential energy reduced 
ever slightly (as, for example, closing the sluice-gate) both and 
increase value and low jump occurs; but the flow still barely removed 
from the critical, and the surface waves persist. These waves gradually fade 
away, the ratio kinetic potential energy increases, and sensibly disap- 
pear for say 4). reality, are there any valid grounds for 
stating that “the region near zone transition?” The range 
undulations for all values less than and the less the value the 
greater the undulations. The point the writer wishes bring out that 
there appears more reasons for setting two kinds 
“andular form” and the “direct for drawing distinction 
between big jumps and little jumps. 

The data length jumps are particularly interesting. The length 
expressed terms varied from about 4.5, the latter value 
probably approaching lower limit for which one may state that the kinetic 
energy expended can not cause the water stand much steeper slope 
than The upper limit, course, infinity for critical flow—at which 


Hydraulic Jump and Critical Hydraulic Structures,” 
Engineering News-Record, November 25, 20, 1034; see, also, the M-function, 

“Hydraulics Open Channels,” Boris Bakhmeteff, Am. Soc. E., Eng. 
Societies Monograph, 1932, 228. 
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there jump. The writer believes that for the sake consistency the 


authors’ ratio, (Table 1), preferred, and this the ratio given 
1 
Fig. 10. 

The length the jump must the resultant two motions: (1) The 
translatory motion the prism down stream; and (2) the vertical motion 
due the rate conversion kinetic potential energy. The physical 
phenomena involved this conversion are but little known. appears that 
the greater the initial kinetic energy the more rapidly this conversion 
effected; hence, the shorter lengths accompany the expenditure the greatest 
amount energy. 

One practical value these data that now something tangible avail- 
able which the length the apron the foot overflow dams, and the 
spacing baffles, can determined rationally. the fall from fore- 
bay apron, and the discharge, the initial depth the apron readily 
found. The height, and now the length, the jump may expressed 
terms this depth. 


with which the writer recently had contact, involved study similar 
general that presented the authors, but resulted values for length 
jump sufficiently different interest. This problem one several 
which have been and are under study the Corps Engineers, War Depart- 
ment, the Hydraulic Laboratory, University Iowa, Iowa City, Iowa, 
connection with construction activities the Upper Mississippi River and 
Ohio River Divisions. 


From Supply Tank 
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Fic. STILLING-BASIN DESIGN. 


step the development criteria for design for stilling-basins 
protect navigation dams being built the Upper Mississippi River, the 
simplified shown Fig. was constructed and tested through range 
conditions indicated Table The model consisted one Tainter 


4 Asst. Engr., U. S. War Dept., Hydraulic Laboratory, Iowa City, Iowa. 


ga 
ga 
wa 
a 
m 
ve 
T 
ef 
| 
| i PART PLAN 
| 


PAGE THE HYDRAULIC JUMP 665 


gate and one-half each supporting pier, built one-twentieth the size the 
gates for Mississippi River Dam No. 20, and set glass-sided flume. 
Instead the designed sill and stilling-basin, smooth, level, wooden floor 
was installed, shown Fig. 11. Water was supplied the model through 
10-in. line from constant-head tank two floors above the flume, passed 
through the apparatus indicated, and discharged into sump where 
was re-pumped the constant-head tank. quantities were deter- 
mined means rectangular, suppressed weir. Depths stream from 
the model gate and down stream from the hydraulic jump were measured 
vernier hook-gauges stilling cans connected the piezometers indicated 
Fig. 11. Depths below the Tainter gate stream from the hydraulic 
jump, were measured with vernier point gauge. 


TABLE 3.—Test Data 


Meas- Meas- Kinetic Ratios: 
ured Energy | oF Fiow, tn ured flow 

Test | flow, Q, head, |_ _____._—_Jength of} Ratio, factor, 

second 

(2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

ll 0.494 1.004 0.031 0.295 1.6 5.42 62.8 0.031 | 0.294 | 0.203 

13 | 0.800 1.004 0.058 0.396 2.1 5.30 32.6 0.058 | 0.394 | 0.398 

14; 0.800 1.004 0.072 0.406 2.1 5.18 25.9 0.072 | 0.404 | 0.398 

16; 0.800 0.764 0.066 0.364 2.05 5.63 21.2 0.087 | 0.476 | 0.606 

17 0.800 0.763 0.072 0.376 3.1 5.58 19.2 0.094 | 0.493 | 0.607 

19 1.205 1.002 0.084 0.472 2.95 6.25 21.9 0.084 | 0.471 | 0.606 

20 1.207 1.001 0.090 0.484 2.5 5.17 20.2 0.090 | 0.483 | 0.606 

22 1.980 1.000 0.140 0.584 3.1 5.31 12.3 0.140 | 0.584 | 1.000 

23 1.988 1.002 0.153 0.599 3.0 5.01 11.1 0.153 | 0.597 | 1.000 

25 2.000 0.765 0.180 0.529 » Ae 3.97 6.50 0 235 | 0.691 | 1.510 

2 1.992 0.768 0.213 0.565 2.5 4.42 5.21 0.278 | 0.736 | 1.498 

28 2.990 1.004 0.227 0.682 2.65 3.89 6.85 0.226 | 0.680 | 1.502 

29 2.996 1.006 0.256 0.719 3.0 4.17 5. 36 0.2 0.715 | 1.498 

31 2.010 0.763 0.187 0.549 1.8 3.28 6.17 0.245 | 0.720 | 1.523 

32 2.985 0.827 0.273 0.625 Se 2.72 4.06 0.330 | 0.755 | 2.005 

33 | 2.985 0.82 0 274 0.632 1.8 2.85 4.03 0.331 | 0.765 | 2.006 

34 2.990 0 827 0 274 0.642 1.85 2.88 4.03 0.331 | 0.776 | 2.008 

36 4.00 1.002 0 341 0.778 2.5 3.21 3.88 0.340 | 0.775 | 2.010 

38 5.00 1.162 0.446 0.931 2.4 2.58 3.21 0.384 | 0.800 | 2.015 

40 5.01 1.001 0.463 0.836 1.75 2.09 2.32 0.462 | 0.835 | 2.520 

41 5.00 0.999 0.453 2.41 0.454 | 0.801 | 2.525 

46 4.98 1.163 0.389 0.906 3.1 3.42 3.98 0.334 | 0.778 | 2.010 

49 6.00 1.312 0.422 1.000 3.2 3.20 4.21 0.322 | 0.761 | 2.020 


Table contains only those data taken tests this model which 
are pertinent this discussion. The lengths jump tabulated were 
measured directly the model, taking the distance from the beginning 
the jump, which was always sharply defined, the point highest rise 
down stream from the jump observed through the glass sides the flume. 
The accuracy measurements has been indicated the tabulation. will 
noted that the values, Table are not computed from d,, but were 
taken equal do, the height pond-water surface above the temporary 
floor the flume. This was considered more accurate than computing 
because the magnified effect slight inaccuracies measuring 
Theoretically, should have been corrected for velocity approach and 


| | 
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the resulting for friction loss the Tainter gate, but neither correction 
was made, the one tending offset the other and each being small. 

apparatus such this model, which the hydraulic jump expanded 
laterally well vertically, measured values could not expected 
follow the curve for straight-sided channel given Fig. However, 

the widths Section (1) and Section (2) known, the lateral expansion 
could taken into account theoretical equations for height jump. 
This was done for the model and resulted the curve marked computed 
for model” Fig. 12. Except the range near the height 


° 

> 


Kinetic Flow Factor 


12. 


jump, measured values fall very close the computed curve. was the 
case the authors’ tests, the range which the departure measured from 
computed values occurs was one unstable flow. some tests standing 
wave condition alternated with hydraulic jump, the alternations following 
approximately equal period for given model setting. 

Lengths jump measured the model have been expressed ratios 
the depths stream from the jump, and are plotted Fig. 12. The 
authors’ curve expressing the relation this ratio has been transferred 
from Fig. Fig. order compare directly the results obtained 
the model with those obtained the authors. will noted that, 
although the two curves assume uniform slope about 14, the authors’ 
curve below the curve drawn through model test points and slopes down- 
ward increases, whereas the model curve this range was drawn with 


zero slope value 5.60. thought that the jump may have 


been shortened the authors’ apparatus friction the sides the nar- 
row channel. 


and dt 


Vaealueae of dt 
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From the viewpoint practical design, the abscissa, involving the 
value, makes the curves Fig. awkward use. Ordinarily, the known 
from which dimensions for toe protection must derived, are the 
quantity passing dam site, the upper pool water-surface elevation, and 
the tail-water elevation corresponding the quantity. When using the curves 
Fig. 12, necessary first, assume value for from that, compute 
elevation for the stilling-basin floor; and, then, compute means 
elevation tail-water surface, repeating the process until the computed 
and the given tail-water elevations agree. this procedure, successive values 
are not directly indicated computed values tail-water elevations. 

curve that more directly useful means computing stilling- 
basin floor elevations that shown Fig. 13. This curve was first called 


Data 
(x Authors’ Data | 


Straight-Sided Channel 


Values of di and dy 


Fie. 


the writer’s attention the late Floyd Nagler, Am. E., 
and was used the design Mississippi River Dam No. The abscissa 
this case involves only the quantity per unit length stilling-basin, which 
readily determined from known river quantity and length spillway, and 
the energy head stream from the hydraulic jump, which may taken 
equal the height the pond-water surface above the stilling-basin floor. 
using this curve, stilling-basin elevation assumed provide data from 
which basin elevation computed, this process being continued until both 
elevations agree. Although trial and error methods must used with this 
curve with that Fig. 12, computed and assumed values are directly 
related and converge rapidly. The basis for the abscissa Fig. the 
equation for energy head Section 


Tests Hydraulic Models the Hastings Dam,” Martin 
Nelson, Bulletin Univ. Iowa Studies Eng. 
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transformed to: 


The curve presented Fig. open criticism two respects; First, 
the test results are not entirely consistent with it; and, second, the value, 


not dimensionless. Nevertheless, Fig. should not rejected 
inadequate because this. theoretical curves are used, and they are 
usually sufficiently accurate for design purposes, either Fig. Fig. 
will give identical results. 

Acknowledgment made the District Engineer, Engineer Office, 
St. Paul, Minn., for permission use the data given this discussion. The 
tests were run Frederick Witzigman, Jun. Am. Soc. 


reported this paper fully confirm the usefulness the general methods 
analysis applied. The authors have presented the first comprehensive explana- 
tion the hydraulic jump, phenomenon which was once considered quite 
puzzling. 

Little can added the clear graphical representation the relation- 
ships between various elements the jump, and particularly the longitudinal 
characteristics illustrated Figs. and The writer particularly inter- 


ested the curve plotted against Fig. This curve was con- 
sidered the authors the basis their solution the longitudinal 


elements the jump. The writer proposes the following expressions for the 
equation this curve, obtained the customary method: 


or, solving for 
10.6 


Equation (52) quite simple, being derived from experiment; and, 
assuming that based methods approach that are physically correct, 
more justified than any other known formula for the length the jump. 
fact, the length the jump doubtless the function the height 
the jump and the state flow, which represented 
the kinetic flow factor. 


“Civ. Engr.; Assoc. Prof., Hydraulics and Water Power Eng., Industrial 
Novocherkassk, Union Socialistic Soviet Republics. 
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The writer has checked the values the means Equation 
(50) for all values taken from Table The results are given Table 


Run| fiow Experi- From the flow Experi- From the 
No. factor, ment: factor, ment: 
(3) (4) (6) (2) (3) (4) (6) 
27| 3.76 8.297 8.23 16.79 6.21 6.63 6.290 6.30 
3.94 7.55 8.79 8.225 8.12 20.80 5.83 6.32 6.046 6.05 
4.51 7.06 8.32 8.022 7.87 24.80 5.40 5.90 5.85 
5.47 6.62 7.55 7.740 44.81 5.11 5.53 5.246 5.25 


The writer fully aware that the data Column (6), Table indicate 
certain discrepancies. However, obviously, the authors state, the tracing 
the curves was carried out “that they must pass within the plotted 
ranges, indicating the possible range the L-values.” For all the curves 
Fig. the range from Runs Nos. and 45, well for Run 
No. 28, lies below the curves. This may indicate some degree unreliability 
the experimental data for these runs, because the proposed formula, 
Equation (50), agrees very well with experimental data all other cases. 


letter)—The authors’ observations the length the hydraulic jump 
narrow channel are welcome addition the literature hydraulic 
research. The transfer data from the model tests the prototype should 
made with caution, however, the light the authors’ statement (follow- 
ing Equation (15)) that “in analyzing open-flow cases the principle 
[of similitude] general may applied geometrically similar cases only.” 

Referring Equations (16) and (17) presenting the theory the hydrau- 
jump the authors state that these equations “apply equally jump 
the foot the Boulder Dam and small-scale model laboratory flume.” 
should not overlooked, however, that the derivation these equa- 
tions the effects channel friction are wholly neglected. not unreason- 


“Assoc. Director Charge Laboratory, Iowa Inst. Hydr. Research; Prof. and 


Head Dept. Mechanics and Hydraulics, The State Univ. Iowa, Iowa City, 


“Research Asst. Engr., Iowa Inst. Hydr. Research, State Univ. Iowa, Iowa 
City, Iowa. 
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able that the height the jump should little affected boundary friction, 
and that well-defined relation should exist between depths flow 
nate stages. The location which the jump occurs level channel 
rectangular cross-section can changed, however, seemingly insignificant 
changes resistance flow. For given depth flow and given kinetic 
flow factor seems reasonable that the length jump narrow channel 
would less than channel relatively much wider, even the side walls 
both channels were made glass. Due the effects the side walls the 
length the hydraulic jump narrow channel may relatively less 
than wide channel. Further tests are needed show what effect the 
relative width channel may have upon the length the hydraulic jump 
under otherwise similar conditions. 


the basis tests conducted for the Miami Conservancy District, Riegel 
and stated that, 


“The length the jump approximately five times its height. While the 
beginning the jump fairly definite, its lower end indefinite, and this 
figure represents merely general estimate. The lower end was taken the 
place where the water surface became and remained sensibly level, place 
which was variable position and difficult locate.” 


1927, studied the hydraulic jump experimentally the 
Technische Hochschule Berlin, Germany. The tests were conducted 
glass channel 19.6 in. wide. Lengths jump were for eighteen 


tests which the kinetic flow factor, varied from 365, 

lengths jump from 1.0 3.3 ft, and heights jump from 0.18 0.76 ft. 

Safranez proposed tentative formula for the length the jump which, using 

the authors’ symbols, reduces to: 


analysis these for kinetic flow factors less than (the range 
reported the authors Table 1), showed that the simple formula: 


was better agreement with the observations than Equation (53). The 


observed ratios, for the nine tests ranged from 4.6 5.5 and the mean 

absolute error calculated lengths jump, using Equation (54), was per 
cent. For kinetic flow factors greater than the length the jump was 
4.5 times its height, ranging from 4.0 5.1 for nine tests, with mean abso- 
lute error per cent. The question naturally arises whether this general 

Beebe, Technical Rept., Pt. III, Section XVI, 85, Miami Conservancy District 


ueber den Wechselsprung,” von Kurt Safranez, Der 
10, Heft 37, (1929). 


Loc. cit., Table 
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reduction the ratio, for higher values may not due 

the resistance offered the side walls and whether the ratio might not 

substantially constant for wide channel? 

part general study stilling pools below spillways, tests were 
made the Iowa Institute Hydraulic Research determine the geometri- 
cal properties the hydraulic jump. The tests were conducted rec- 
tangular flume, in. wide, lined with galvanized sheet metal. Water flowed 
under sluice-gate with rounded lower lip upon level apron steel plate 
and smooth cement mortar. The rates flow varied from 0.48 1.44 
per sec per width channel, the depths flow above the jump, from 0.05 
0.15 ft, and the heights jump, from 0.22 0.73 ft. these tests the 
length jump varied from 1.4 4.5 ft. Fig. 14(a) summarizing the data, 


d 


© Bakhmeters 
and Matzke 


Values of 


2 
Kinetic Flow Factor, 4 


shows ordinates the ratio length height jump and abscissas, the 
kinetic flow factor. Fig. 14(b) shows ordinates the ratio length roller 
height jump. analysis the tests conducted flume, in. wide, 
indicated that the length jump was approximately equal 6.2 times 
its height and that the length roller was approximately equal 5.2 
times its height. 

has preserited semi-rational analysis for determining the 
length the hydraulic jump which followed the suggestion Professor 
Velikanov “to divide the stream, when computing the losses, into two 
regions: dead zones, where only rotatory motion the liquid taking place, 
and zones where progressive motion observed.” coefficients were 
obtained from tests Bakhmeteff, Pietrkowski, Safranez, Einwachter, and 


The results obtained the simplified formula suggested Aravin, 
are: 


d, 2 
Determination the Length the Hydraulic Jump”, Aravin, 
Transactions, Scientific Research Inst. Hydrotechnics, Vol. 15, pp. 48-57 


(Translated from the Russian Andreas Luksch.) 
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e 
and below the jump, respectively. 


These data have been re-arranged for purposes comparison and are 
shown Fig. 14(b). Within the range kinetic flow factors included the 


authors’ tests the ratio, which follows from Aravin’s analysis may 


replaced constant value, 5.4, with mean absolute error approximately 
per cent. 


interpretation the experimental results pertaining the determination 
the length hydraulic jump presented this paper. The actual 
depths flow varied from 0.032 0.253 and the corresponding lengths 
the jump, from 1.62 (average the values Table 2.50 ft. 

Two questions arose the writer’s mind relative these experiments. 
The first was, whether the experiments with small depths and volumes apply 
the depths measured feet and quantities amounting hundredths 
cubic feet per second per second. The situation with respect weirs shows 
that, notwithstanding the laws similarity, the discharges full-sized weirs 
cannot estimated with reasonable degree accuracy. appears that 
some other factors have preponderant influence when the scale phenome- 
non increased. These factors may the air entrained water flowing 
with high velocity, different roughness conditions, pulsation flow, assym- 
metry conditions approach, and, perhaps, some others. 

Another question was whether entirely correct designate the 
length jump—the length its top roller, which ordinarily longer 
than the length the transition from one stage another. For the most 
part, the surface curve this transition concave upward and only near 
the conjugate depth, does acquire sharp curvature concaved down- 
indicates that the velocities high order may occur farther 
down stream than ordinarily anticipated. 

matter reference the writer wishes mention study made 
based the theorem Bernouilli and using the computation 
losses occurring the top roller means for determining its length. 


The results were plotted curve for against being the length the 
roller, for the limits, 1.5 3.5 and 0.4 1.6, correspondingly. This curve 
agrees well with the experiments Bakhmeteff, Pietrowsky, Safranez, 
Einwachter, and Aravin, plotted the aforementioned curve. 
Senior Engr. Hydr. Structure Design, State Dept. Public Works, Sacramento, 
a 


den Heutigen Stand des Wasserbaulichen von Prof. 
Meyer-Peter, Schweizeriche Bauzeitung, February 11, 1922, Fig. 3 

Transactions, Scientific Research Inst. Hydrotechnics, Vol. XV, Leningrad, 1935. 
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Soc. (by letter)—The many sided and helpful discussions 
prompted the paper are gratifying. The endorsement the manner 
treatment Professor Woods and the appreciative remarks with regard its 
practical usefulness Mr. Stevens are ample reward for the efforts the 
writers clarify complex and, times, puzzling field study. Many new 
questions have been raised which cannot answered adequately the light 
the knowledge available present and which, therefore, usefully indicate 
subject matter for further research. 

The writers are fully conscious the limitations imposed the results 
the size the flume. They agree entirely with the remarks Messrs. 
Mavis and Luksch, Nelidov, and others regarding the possible effect the 
channel dimensions the friction and the longitudinal dimensions 
the jump. fact, final clarity this subject can obtained only through 
systematic and well-planned observations scale exceeding any the 
experimental work heretofore cited. Furthermore, comparing observations, 
will imperative the future adopt some unified basis determining 
“the end the jump.” fact, some the suggested Fig. 
and Fig. may partly due differences estimating where the jump 
terminates. 

The uncertainty all these features would seem militate, least 
-for the time being, against any premature attempts crystallize the avail- 
able knowledge that, any other empirical, formula for computing the 
length the jump (such those suggested Professor Ludin, and referred 
Mr. Kennedy’s the formula proposed Professor Ivanchenko, 
Aravin, 

The writers further appreciate the possible effect “white water”, indi- 
Messrs. Hall and Nelidov. This also question that can 
answered only special experiments. one should bear mind 
that the basic formulas, Equations (8) (17) not carry, explicitly, the 
value the weight, Therefore, would seem that presence air 
itself should not substantially affect the numerical relations the jump, 
provided the average contents air throughout the jump not changed. 

Any possible effect the size the streaming, considered eventually 
practical engineering computations, will limited longitudinal elements 
only. justly emphasized Professor O’Brien, the vertical elements ob- 
served, even the smallest flumes, are such marvelous agreement with 
the theoretical curve, that scarcely any further “correction” necessaty. This 
fact would seem justify the practical usefulness Equations (8) and (16) 
and dimensionless diagrams the type Figs. 10, and 12, their 
simplest form, without introducing any possible corrections, mentioned 
Professor O’Brien and Dr. Engel, take into account the unevenness 


“New York, N. Y. 
“New York, N. Y. 
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the velocities and their actual distribution the cross-sections. 
tion, established requires multiplying the average velocity 


mation over the entire area the cross-section. The French 
the Nineteenth Century gave much consideration these points. 
Boussinesq particular sanctioned the use average factor about 
=1.1 and 1.03. These numerical values were abstracted from observa- 
tions fully established, uniform flow patterns canals and con- 
duits. Now, tlow the section preceding the jump, where the kinetic energy 
its highest, usually follows zone intense acceleration (such below 
sluice the bottom spillway), the effect which straighten 
out the velocities the different filaments and bring the velocity pattern 
the lower-stage section before the jump close practical uniformity. 
the upper-stage section the influence the kinetic energy comparatively 
slight. However, obtain some idea the velocity picture this region, 
special experiments were made the Fluid Mechanics Laboratory Columbia 
University, New York City, the results which are shown Fig. 18. 
The velocity variance does not seem excessive. 

From the discussions Messrs. Stevens and Page would appear that 
dimensionless unified diagrams the type Figs. 12, 10, and have become 
the order the day. The value such generalized diagrams lies exactly 
eliminating the needless “series mathematical gymnastics”, strongly 
objected Professor Woodward. There difference between 
the diagrams Fig. and those given Mr. Stevens (Fig. 10) and Mr. 
Page (Fig. 12). Obviously, relationship that exists between certain inter- 
dependent factors jump can depicted equally well selecting any 
the factors that enter the problem the independent variable against which 
all the other elements are plotted. 

The choice that some other independent variable basis largely 
matter taste and individual preference. The writers prefer Fig. 


and organic relation the practical means obtaining jump illustrated 
Fig. precisely for this reason that the curves Fig. indicate 
certain important physical features, which are entirely eclipsed Fig. 10, 
which can derived from Fig. only indirect inference. The first 


“Hydraulics Open Channels”, Bakhmeteff, Am. Soc. E., Eng. Soc. 
Monograph, 248. 
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the course and its maximum value. Mr. Stevens takes exception the 
notion itself, stating: “There maximum height jump *.. 
The authors’ maxima for and d’, Fig. are not physical characteristics 
but merely consequences the terminology *”. This point 
substantial importance. Obviously, the writers failed make the matter 
lucid. There better means clarifying point than 
direct observation. Therefore, special experiment was made using layout 
similar Fig. The height, was kept constant and equal 1.402 ft. 
The sluice-opening was changed, increasing the depth, and the discharge. 
regulating the tail-water the jump was maintained position near the 
sluice. With varying discharges, the lower and the upper stage depths (and 
thus the height the jump, d;) were measured. The data are assembled 
Table noted Fig. the height the jump first increases until 


TABLE 


reaches maximum value 0.27, after which decreases. The value 


0.193 accords very closely with the theoretical value 0.206 


corresponding 7.67, which the maximum supposed occur. 

Mr. Stevens further questions the significance the zone undulating 
jumps which, the writers claim, corresponds Fig. the zone the 


Values of d; 
ad 
So 


Values of d, 


15. 16. 


fully appreciate the potency Mr. Stevens’ remarks about the undulatory 
form motion the vicinity the critical depth general. However, 
they cannot escape the feeling that the undulatory jump separate and 
well determined phenomenon itself. Strangely, was the undular jump 


No. Q dy dz a; Vi ds 
0.440 1.027 7.83 4.34 2.33 
0.374 0.984 0.610 8.12 5.49 2.63 
0.312 0.930 0.618 8.33 6.94 2.98 
0.252 0.874 8.50 8.99 3.47 
0.191 0.792 0.601 8.62 12.07 4.15 
Wriwneas 0.578 0.126 0.687 0.561 9.18 20.78 5.47 
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that was observed and described 
most the earlier investigators, for 
the simple reason that they worked 
with jumps that occurred channels 
steep slope, where flow uniform 
motion was sub-critical (rapid) 
state. Compared conditions the 
the kineticity uniform rapid flow 
comparatively small, usually being 


far from sufficient bring the jump 
into the direct roller form character- 


schematic representation un- 
dulatory jump given Fig. 16. 
What differentiates these jumps from 
undulatory motions the vicinity 
the critical depth the very sub- 
stantial difference between the upper 
lower stage, the depth ratio 
© From Columns (9) and (10), Table 3 ' times approaching the theoretical 


1 

distinct feature the undular 
jump the fact that, due the curva- 
ture the streaming, the momentum equation ceases apply, and that 
observed values are excess values computed from Equations (8) 
and This fact confirmed once more Mr. Page’s observations. 
fact, plotting the from Table against one arrives Fig. 17. 
The points the zone direct jumps 0.4). follow the theoretical 
rather satisfactorily, whereas the points for 0.4 fall outside 
the curve. 

point particular interest emphasized Professor O’Brien, namely, 
the physical nature the energy losses jump. The thought that 
least part the apparent loss may due fallacious manner esti- 
mating the kinetic energy the initial and final section. matters stand, 
these energies are computed the basis the prevailing average forward 


iY) 0.1 0.2 0.3 0.4 05 
Values 


17. 


velocities and whereas does stand reason that the upper 

stage, addition the average forward velocity, there might possibly 

substantial rotational effect. The senior writer frank admit that for 

time was disposed attribute considerable influence this fact. 

remembers having stated such views informal discussions with members 

For detailed data see “Recherches par Darcy Bazin, Paris. 1865; 
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the profession. Basically, the question reverts the form the velocity 
Section make the matter clear, least qualitatively, special 
experiments were made Columbia University which are illustrated 
Fig. 18. means-of Pitot tube, velocity diagrams were obtained the 
respective cross-sections corresponding the “end the jump”; then, foot 
stream nearer the roller, and, finally, down stream distance ft, 
where tranquil flow was unquestionably re-established. the curves given, 
the abscissas represent the combined pressure and velocity heads registered 


} © Approximate End of Jump 
| x 1 ft Upstream From End of Jump 
nat ft Downstream From End of Jump 


Distance Above Fioor,in Feet 


08 1.0 12 
Values of (hp +h, ) in Feet of Water 


the Pitot tube and referred the bottom the flume. The pressure head, 
corresponding hydrostatic distribution the end section, with assumed 
equal d., given the Invariably, certain relative rotation 
anti-clockwise direction present the “end-of-the-jump” section. 
This rotation entirely eliminated down stream. The rotation 
relatively larger small values and much less noticeable the highest 
values where the loss energy should the greatest. Although these 
experiments are preliminary nature and must substantiated more 
detailed work, they would seem testify against attributing any too great 
influence relative rotation. would seem that the correct explanation 
the loss that given the discussion Mr. Rouse. When the 
energy terms the average forward velocity, one neglects the fact 
that considerable initial energy absorbed the kinetic energy 
the additional turbulent agitation, which can symbolized mathematically thus: 


1.0 
| 
~ | | \ | 
| | a 
4=6.8 
| L=45' 
4, d,=0.360 

: 
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which v’, and are the local turbulent velocity components, variable 
time and space, whereas the summation must taken over the entire volume 
the jump. Mr. Rouse points out, the final molecular absorption this 
energy occurs the form heat created the additional viscous friction 
caused excessive turbulent agitation. Obviously, such viscous friction 
not limited the average forward motion and greatly intensified every 
point the presence turbulent components complementary the average 
motion. There every reason believe that the dissipation this super- 
fluous energy into heat not consummated within the confines the jump 
itself. other words, the fluid leaves the end section the jump still carry- 
ing high content excessive turbulence which finally dissipated and 
brought down the normal state turbulent loss established parallel 
flow only over considerable distance. 

few more words elucidation are required connection with the 
remarks Dr. Engel. There was desire whatever the part the writers 
“attack” the so-called “Boussinesq number” introduced Dr. Engel 
with his very valuable investigations flow Venturi flumes. 
The history hydraulics shows that the past many empirical parameters 
proved most useful. Consider, for example, the parametric basis, 


expressed terms which Kutter and, later, Bazin used when 


building their for estimating open-channel roughness. 
Dealing with complex problem tri-dimensional flow, Dr. Engel may have 
struck very fortunate chord using parameter reference, which 
the name “Boussinesq number” was given. What the writers believe, how- 
ever, that empirical factor, matter how practical and useful, should 
not interpreted for condition cannot represent—namely, mark 
dynamic similarity. the writers understand Dr. Engel correctly believes 
that, view the friction effect (which disregarded setting the 
customary momentum equation for the jump, but which, obviously, never- 
theless present), jump data can systematized more adequately referring 
them the Boussinesq number instead using base the flow 
factor (or Froude number). Dr. Engel’s opinion this should become 
particularly evident jumps where the depth the foot the jump exceeds 
the hydraulic mean radius. 

clarify this interesting question special narrow channel, in. wide, 
was built into the regular flume and series jumps was observed. The data 
are presented Table 


TABLE 


Values of 


dire 
cha 
was 
jum 
obs 
plot 
lari 
un No. 1 2 a R 
0.764 3.44 0.0619 3.58 
0.671 5.05 17.01 0.0522 2.55 
0.551 7.06 29.38 1.91 
0.048 9.22 52.30 0.0308 1.56 
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seen, the ratio the initial depth the hydraulic radius reaches 


3.58; nevertheless, the experimental points Fig. not deviate 


much from the theoretical curve. clarify the matter further still more 
direct experimental proof was sought. 
appropriately varying the dis- 
charge and the initial depth, 
was attempted obtain series 
but with substantially varying 
Boussinesq numbers. the conten- 


tion Dr. Engel were correct, the 
observed data referred would 


10.0 


3 Experiments on 2-in. Flume 


the other hand, when 
plotted against (see Fig. 20), the 
points should manifest better regu- 


larity. The runs marked Table Fic. 19. 


© Experimental Points 


C-1A...... 0.300 0.896 8.76 0.135 7.93 4.19 2.99 
0.242 0.744 7.84 0.128 7.89 3.88 3.07 
0.162 0.521 6.32 0.113 7.65 3.27 3.22 
0.107 0.344 5.10 0.096 7.56 2.90 3.21 
0.222 0.764 8.16 0.124 9.31 4.08 3.44 
0.249 0.681 0.227 2.44 2.73 
&41....... 0.228 0.681 6.97 0.238 6.63 2.57 2.99 
0.248 0.765 7.33 0.249 6.72 2.59 3.09 
0.249 0.881 8.28 0.249 8.55 2.92 3.54 
0.254 0.989 8.99 0.252 9.90 3.14 3.89 
0.221 0.957 9.18 0.235 11.87 3.34 4.33 


the letter, were observed the 2-in. flume with value actually 
varying between 7.93 and 7.56, variation 5%, whereas the Boussinesq 


dy 


Vaiues of 


Theoretical Curve 


X Denotes Experimental Point on 6-in. Flume 
© Denotes Experimental Point on 2-in Flume 


2 4 6 4 6 8 10 12 
Values of B Values of 
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TABLE 
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number varied about per cent. Obviously, friction makes itself felt, but 


the observed ratios, form compact group, with variation per cent. 
1 
For further clarification Table contains certain data, obtained neighbor- 


ing values the 6-in. flume, given Table All the observed data 
when referred range quite consistently close the theoretical 
Fig. 20. contrast, when referred the Boussinesq number, the points 
for the 2-in. flume and the 6-in. flume form two separate and incompatible 
curves. 
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Synopsis 


The flow fluids smooth pipes well understood that the losses due 
friction may predicted within per cent. The problem estimating 
friction losses old pipes, those roughened use, however, has been 
inadequately solved. order clarify the problem completely much study 
and experimentation are necessary. This paper, which effort that 
direction, presents the results experimental investigation frictional 
resistance artificially roughened pipes. has been undertaken effort 
show, qualitatively, the effect the friction factor certain artificial 
irregularities—varying shape and size—that were introduced pipes used 
for the tests. With water the fluid, loss head was investigated for 
roughened, 2-in., brass pipe, the Reynolds numbers ranging from 000 
1250000. The roughness elements consisted grooves cut spirally into the 
pipe. The degree roughness was varied changing the depth, shape, 
and number grooves per inch. 

The loss head due friction was found increase with increase 
the depth the grooves, provided the same general shape was maintained. 
The shape the grooves, however, seems have almost much affect the 
loss head the depth. The experiments also indicate that the roughness 
elements may placed close together that the loss head reduced. The 
work previous investigators summarized briefly; the apparatus, pre- 
liminary experiments, experiments for obtaining data, and computations are 
and the results this investigation are discussed. 


February, 1935, Proceedings. 
‘Freeman Scholar, A. S. M. E., Karlsruhe, Germany. 
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The symbols this paper are introduced the text they occur and 
are summarized for reference Appendix effort has been made 
conform essentially with “Symbols for compiled committee 
the American Standards Association, with Society representation, and 
approved the Association 1929. 


Previous 


Investigations fluid flow pipes have been concerned with the develop- 
ment general formulas, and, more recently, with studies into the effect 
artificial roughness the friction factor. 

General Considerations Fluid the evolution formulas deal- 
ing with the flow fluid pipes, the findings Hagen, Poiseuille, Darcy, 
Reynolds, and Blasius are especially significant. 1839, observed 
that there were two different types fluid flow through pipes, now commonly 
designated stream-line and turbulent flow. Thirty years later stated 
that the point which transfer from one form flow the other occurred 
depended the radius, the velocity, and the temperature the water. 

1845, experimented with the flow water through capil- 
lary tubes. deduced the following law for stream-line flow, known 
Poiseuille’s law, which has since been derived theoretically 


experimental pipe, feet; average velocity, feet per second; 


acceleration due gravity; and mean diameter pipe, feet. 
Equation (1) may expressed terms the Reynolds number and the 
Darcy friction factor, follows: 


which, Darcy’s friction factor; and Reynolds number. 

1857, conducted series experiments the flow water 
cast-iron pipes with diameters ranging from 0.5 in. in., obtaining 
the formula, 


which, loss head due friction; and coefficient which 
considered constant for each type surface. The Darcy formula 
now usually written the form, 


*“Uber die Bewegung des Wassers engen zylindrischen von Hagen, 
Annalen, Bd. 46, 423, 1839. 

*“Recherches expérimentales sur mouvement des liquides dans tubes 
petits par Poiseuille, Comptes Rendus, Vol. 11, 961, 1041; Vol. 12, 
1841, 112; also, Mémoires des Savants Etrangers, Vol. 


“Recherches expérimentales relatives mouvement dans les 
par Darcy, Mémoires des Savants Etrangers, Vol. 15, 1858, 141. 
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which, The friction factor, will used throughout this 


paper the measure frictional resistance. 

study Stokes’ equations motion, conceived the idea 
that criterion determine whether flow would stream-line turbulent 
might expressed the form, 


which, density, pounds per cubic foot. 1883 confirmed this 
theory experimentally observing dye introduced into flowing water glass 


flow form the other takes place, modified more less conditions 
the inlet the pipe, roughness, the amount curvature, etc. reason- 
able mean value accept the transition point between stream-line and 

Working with the data Saph and flow 
water smooth brass pipe, obtained the empirical formula, 


R = 


tubes. The value Reynolds number, which change from one 


Reynolds numbers for these experiments were less than 100000. Later ex- 
periments smooth pipe show that the Blasius formula does not fit the data 
for Reynolds numbers greater than 100 000. obtained the relation, 


from his experiments smooth pipe, with high 200 000. Drew, Koo, 
and McAdams” obtained the formula, 


from study all available experimental data smooth pipes. 
with Artificially Roughened the fifteen years 
since about 1920, Schiller, Hopf, Fromm, and Nikuradse have experimented 
with artificially roughened pipes whether roughness follows the 
law similitude. order have similitude, corresponding surface 
measurements dimensions roughness elements pipes must the 
same ratio the radii, such that, the measure absolute roughness 


*“An Experimental Investigation the Circumstances Which Determine Whether 
the Motion Water Shall Direct and the Law Resistance 
Parallel Channels,” Philosophical Transactions, 
Lond, 1883; Scientific Papers, Vol. 51. 


bei Reigungsvorgiingen,” von Blasius, 
Zeitschrift, Vol. 12, 1175, 1911; or, Forschungsarbeiten Ingenieur, Heft 181. 
Nikuradse, Verein Deutscher Ingenieur, No. 356, 1932. 


Friction Factor for Clean Round Pipes,” Drew, Koo, 
Journal, Am. Inst. Chemical Engrs., Vol. 28, 56, 1932. 
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and the radius the pipe, the constant. Factor ex- 


pressed inches, complete measure the size, shape, and distribution 
the individual roughness elements. there present method for 
measuring defining roughness, the symbol, hypothetical. 

experimented with artificially roughened pipe three sizes: 
mm, mm, and mm, inside diameter in. 25.8998 mm). The 
roughness consisted spiral threads cut into the inner surfaces. Two 
arrangements threads were utilized. one, the pitch was 0.8 mm, and 
the depth, 0.6 mm; and the other, the pitch was 0.4 mm, and the depth, 
The results Schiller’s tests are shown Fig. (Curve (3) indi- 


Coarser Rou; 
(1) 8-mm Pipe 


Values of Friction Factor, f 


Values of Reynoids' Number, R 
Fic. 1—Resvutts OF EXPERIMENTS BY SCHILLER. 


cates results for the 8-mm pipe with the finer roughness, and Curve (2), the 
16-mm pipe with the coarser roughness. the experiments the two pipes 
conformed the principles similitude, Curves (3) and (2) should coincide 
since the roughness elements were proportional the radii. The discrepancy 
may attributed the short calming lengths which appear have been in- 
adequate, and also the fact that the roughness the calming section 
each tube differed from that the test portion. 

investigating roughness rectangular closed conduits, Ludwig 
came the conclusion that the friction factor depended upon three quantities: 
The cross-section the conduit; Reynolds number; and number which 
characterizes the roughness. stated that the number for specifying the 
roughness appeared require several dimensionless quantities specify 
completely its size, shape, and distribution. Hopf also decided that there were 
two kinds roughness, which called “wall-waviness” and “wall-roughness.” 
example the first wood pipe asphalted iron pipe, and example 
the second type provided the bare surface cast-iron pipe. 

investigations relative roughness were carried shortly 
after those Hopf and with the same experimental equipment. each 


den von verschiedenen Querschnitts und 
Rauhigkeitsgrades,” von Schiller, Zeitschrift angewandete Mathematik und Mechanik, 
Vol. pp. 1923. 

Messung der von Ludwig Hopf, Zeitschrift 
angewandete Mathematik und Mechanik, Vol. pp. 1923. 

rauhen von Fromm, Zeitschrift angewandete 
Mathematik und Mechanik, Vol. pp. 1923. 


0.20 
0.16 Finer Roughness = T 
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the roughnesses tested, several values the hydraulic radius were used. For 
those cases which becomes constant for larger values the effect 
the change hydraulic radius may expressed the formula, 


which, the depth section, and the constant dependent upon the 
absolute roughness, k’, the surface. 

Whereas Hopf, Fromm, and Schiller investigated relative roughness over 
comparatively limited range Reynolds numbers, obtained values 
within the range turbulent flow Reynolds number 000 000. 
used roughnesses varying from fairly smooth surfaces projections equal 
one-fifteenth the radius. These roughnesses were produced glueing 
sand the inside three sizes pipes (diameters, 2.5 and cm). 
The diameter the sand grain, was taken the measure absolute 

, 
roughness, the relative roughness being Sand was selected such 


diameter that was the same for the three different sizes pipes. Six 
k’ 
different values were used. The results the experiments are shown 


Fig. The tests show that the principle similitude applies accurately 


3.8 42 46 5.0 5.4 
Values of Log R 


pipes roughened this manner. For the range Reynolds numbers 
which constant, Nikuradse gives the formula, 


(10) 
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APPARATUS 
The experiments undertaken this investigation were conducted the 
University Michigan, Ann Arbor, Mich. The apparatus illustrated 
Figs. and The quantity water used the experiments varied from 


Induction 


Orifice Orifice Calming Length 


Reservoir 


Thermometer 


Calming Length Test Section 1 
Prezometer Tube Prezometer Tube 
Transition 


Fic. EQUIPMENT. 


400 gal per min. Two orifices were used for measuring, one for small, 
the other for large, flows. Fig. shows the orifice layout. Two differential 
manometers were used measure the pressure drop across the orifice. One 
the gauges contained mercury and the other acetylene tetra-bromide 


(specific gravity, 2.97). Water filled all the spaces between the gauge liquid 
and the pipe. 
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the accuracy piezometer rings questionable rough pipes, piezo- 
meter tubes special design (see Fig. were used measure the pressure 
drop due friction. These tubes were closed the end, with transverse 


To Manometers 


opening in. from the end the tube. diagram the test-section 
manometers shown Fig. Details connections copper tub- 
ing manometer glass are illustrated Fig. Manometer Fig. 
contained mercury; Manometer contained acetylene tetra-bromide; and 


Copper Tubing, 


=! <4] 
H | | Trap 3 
! 
' 
MANOMETER Fic. 8.—MANOMETER CONNECTIONS. 


Manometers and contained solutions acetylene tetra-bromide and xylene, 
with specific gravities, respectively, 1.3 and 1.05. All them were 
differential manometers with water acting one liquid. 


Experimental 
Pipe 


9.—ROUGHENING APPARATUS. 
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steam coil the reservoir was used heat the water the desired 
temperature. thermometer, reading 110° was inserted the valve 
the down-stream end the test section obtain the temperature water 
the pipe (see Fig. 3). insure isothermal flow through the test section, 
the pipe was insulated with felt covering. 

order obtain definitely known roughness the inside surfaces 
2-in. brass pipe, ft. long, which would permit the size, shape, and dis- 
tribution the roughness varied, device was designed that would 
cut grooves with various known dimensions and with different spacings 
(see Fig. pitch the thread the shaft was 11.5 the 
the cutting tool could contain from one four cutting elements within 


in., the distribution the grooves could varied. 


PRELIMINARY EXPERIMENTS 


The preliminary experimental work included orifice calibrations, piezo- 
meter tests, and smooth pipe tests. The orifices were calibrated over the 
range flows, for temperature 72° and 158° Partial calibrations were 
made temperatures 55° and 122° The exnerimental data for 


26 


Values of Log AH 
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Fic. CALIBRATION. 


temperatures 72° and 158° are shown the calibration curves Fig. 
(in which, represents the pressure drop across the orifice, centimeters 
water). Curves for 55°, 95°, and 122° were obtained from the curves for 
72° and 158°, assuming the change discharge for given pressure drop 
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across the orifice directly proportional the change viscosity 
the water. change temperature from 55° 158° increased the discharge 
much 6.5% for given pressure drop. 

order sure that the two piezometer tubes would give the correct 
difference pressure the test section, they were inserted into the same 
cross-section 2-in. pipe, and both were connected sensitive mano- 
meter. the piezometer tubes had exactly the same characteristics and 
the distribution velocities the cross-section were symmetrical, the 
manometer reading would zero for any flow. These test readings were 
taken for several velocities, and they all showed the pressure drop across the 
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manometer compared with the pressure drop the same velocity 
that would occur between the two ends the test section. Accordingly, 
was not necessary add correction the pressure-drop measurements. 

Tests were made smooth pipes order obtain basis for comparison 
with other investigators, and also enable operators become familiar with 
the equipment. Two sets experiments were made with drawn brass pipe 
obtain curves showing the relation the Reynolds number for different 
temperatures (see Run Fig. 11(a)). These runs were conducted the 
same manner those rough pipe. 


FOR Data 


The experiments rough pipes consisted roughening the pipes, deter- 
mining the diameter, controlling the temperature, and taking readings. The 
test section was first roughened running the cutter head (Fig. through 
the pipe with the desired tool inserted it. order obtain sample 
the roughness, the cutter head was run through piece 2-in. brass 
pipe similar that the test section. After the sample was obtained, the 
10-ft calming length was roughened the same manner the test section. 
Even with the greatest care, was not possible keep brass particles from 
collecting the tool, that the roughness became gradually less sharp 
the cutter head advanced. 

the friction factor for pipe varies the fifth power the diameter, 
was important determine the diameter accurately. This was done 
indirectly determining the weight water necessary fill the 10-ft test 
section. With the weight water, length pipe, and density water 
known, the mean diameter could determined accurately. 

The series experiments performed each test section was divided into 
eight runs, which four were conducted with each orifice. Each run was 
made practically constant temperature. Runs were made with each orifice 
temperatures 55°, 95°, 122°, and 158° Each run consisted read- 
ings the orifice manometer, test-section manometer, and temperature for 
twelve twenty different velocities. 


CoMPUTATIONS 


computing the friction factor, and the Reynolds number, the 
orifice manometer readings were converted into centimeters water, and 
the test-section manometer readings into feet water. From the proper 
orifice calibration curve the flow water was read cubic feet per second. 
The mean velocity water the test section was obtained dividing the 
discharge the mean area, square feet. With this velocity (see first 


column, Table Appendix the velocity head, was obtained. Since 


constant for each roughness tested, when (Appendix II) and have 
been determined, the corresponding value can computed from Equa- 


tion (4) for each set observations. The fraction, contained the 
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Reynolds number function the temperature, and, therefore, values 
can traced through corresponding values the third column Table 


for each 0.1° from degrees. With feet per second, 
feet, and seconds per the Reynolds number seen dimension- 


less, and consistent units. Finally, values and can computed 
from the values listed the fourth and fifth columns Table (see 
Appendix IT). 


Discussion 


Seven artificial roughnesses were investigated, three which were cut 
into one set (the test section and the calming length, Fig. brass pipes 
and the remaining four into another set. roughness typified very fine 
grooves was first used each set pipes and this was followed rough- 
nesses with successively coarser grooves. each case effort was-made 
choose roughness designs that would conform closely practicable the 
design that was used next. spite every precaution, however, each 
roughness made the one that followed more irregular than would have 
been cut directly into smooth pipe. 

Relation Friction Factor Reynolds Number.—The experimental values 
log (100 and log for Runs Ia, IV, VI, and are plotted 
Fig. Run had approximately the same friction factors 
Run and Run approximately the same Run VI, their results are 
not given. The curves obtained from plotting log (100 against log for all 
the runs rough pipes are shown Fig. 11(b). Run Fig. was 
made smooth pipe. The dotted line through the smooth-pipe data 
graph Equation (7). This line seen good agreement with the 
data. The left-hand portions the curves Fig. 11(a) and Fig. 11(b) are 
broken indicate that these sections were not obtained experimentally, but 
constructed according Nikuradse’s curves (Fig. 2). 

The runs were made different temperatures with the twofold purpose 
the range Reynolds numbers and obtaining information con- 
cerning the value for rough pipes, function the Reynolds number. 


the ratio, 2.98, and the density decreases very slightly with 
increases temperature, changing the temperature the water from 55° 


158° increases the value almost three times. With this temperature 


change, therefore, was possible obtain variation Reynolds numbers al- 
most three times greater than would possible, for the same velocities, with 
water one temperature. From the standpoint results obtained, experiment- 
ing with water these temperatures was practically equivalent running tests 


The values and were taken from “Elements Chemical Engineering,” 
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with other liquids which had corresponding values obtain the 
indicated any the points the curves shown Fig. 11(a) would 


require velocities about three times great tests were run temperature 
change impact brought about this velocity change, the friction factor 
remains the same. comparatively few experiments have been conducted 
artificially roughened pipes with viscosities other than those water 
temperatures between 32° and 75° these tests over greater viscosity 
range furnish additional proof that, for given rough pipe, function 
the Reynolds 

Photo-Micrographic Study the means determining 
closely possible the shape grooves each test section, photo- 
micrographs, magnified four times the actual size, the pipe sample and 
tool were taken for each roughness. Figs. and 14, photo- 
micrographs are magnified 2.94 times their actual size. some cases 
groove intermediate between that the cutting tool and the sample seemed 
represent best the form the roughness. other cases (depending upon 
the number previous cuts the pipe, the wear the cutting tool, and the 


= = = = = a 

3 = g.-| & | Bo ls 
Roughness % l Roughness »/3 a 


clearness the photo-micrographs), the roughness appeared better 
represented either the sample the tool. The number used herein 
designate type roughness, corresponds that used Figs. 11(a) and 


Run Ia 
Run I 
Roughness Roughness Roughness Roughness 
Roughness V Roughness VI Roughness VII 


Fic. 12.—LonciTupInaL SeEcTIONS OF ROUGHENED PIPE. 
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11(b) indicate the run which this roughness was used. 
dimensions are classified Table and the roughness shown diagram- 
matically for each case, Fig. 12. 

Roughness photo-micrographs the sample and the tool for 
Roughness are shown Figs. 13(a) and respectively. This was the 


Fig. 13.—PHoro-MIcroGRAPHS OF LONGITUDINAL SECTIONS OF PIPE AND CuTTING Toors: 


first cut through the first set pipes, and, also, the finest roughness. Un- 
fortunately, the sample photo-micrograph (Fig. 13(a)) does not show the pro- 
file the roughness such way that measurements can taken from it. 
The cutting tool (Fig. 13(b)), also, was badly damaged going through the 
length, which had been slightly deformed result some mis- 
handling transit. The arrows Fig. show the direction flow. 
Run was made with the same roughness, but with the direction flow 
reversed. 

Roughness photo-micrographs for Roughness are shown 
Fig. 13(c) and the cutting die Fig. 13(d). was the first cut into the 
second set brass pipes, and, therefore, the shape and dimensions 


4 
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the roughness can taken from the tool. The photo-micrograph the sample 
does not aid much obtaining the dimensions the elements. 

Roughness roughness indicated Fig. and the cor- 
responding die, Fig. was obtained cutting over Roughness with 
tool designed leave the roughness shown Fig. 12. This was the only 
case roughness being cut the same depth that which preceded it. 
The cutting was probably 75% efficient (that is, 75% pipe surface had the 
roughness shown the tool, and the remainder was characterized Rough- 
ness IT). Roughness III shown Fig. 11(b) had higher friction fector 
than Roughness II. This indicates that projection causes greater turbu- 
lence than groove. 

Roughness IV.—Fig. 13(g) and the corresponding die, Fig. 13(h), show 
that this roughness varied height from 0.018 in. the end where the cut- 
ting began, 0.006 in. the other end the pipe. This was the second 
roughness the first set pipes. The shape Fig. was mean between 
tool and sample. 

Roughness V.—The roughness, indicated Fig. and Fig. 
had about the same average height Roughness IV, and the same distribu- 


Fic. 14.—PHOTO-MICROGRAPHS OF LONGITUDINAL SECTIONS OF PIPE AND CuTTING TOOLS: 
THE Top SIDE OF @ AND THE BorroM SIDES OF c AND € DENOTE RouGHNessss V, VI, 
AND VII, RESPECTIVELY; AND THE CORRESPONDING CUTTING DIES. 


tion, but was much more rough and abrupt shape. This was the third 
roughness the second set pipes. The effect shape strikingly shown 
the difference friction factors Roughnesses and Fig. 14(a), 
the threads the lower side are the standard for 2-in. pipes. 
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Roughness third and last roughness the first set pipes 
(Roughness VI) shown Fig. 14(c) and Fig. 14(d). The shape was 
wavy character, without sharp projections, shown Fig. 12. This 
roughness had slightly greater friction factor than Roughness which had 
smaller elements and with twice many peaks per inch. The decidedly 
abrupt shape Roughness seems account for its friction factor being 
almost large that Roughness VI. 

Roughness VII.—Fig. 14(e) and Fig. 14(f) show Roughness VII, the 
fourth cut through the second set pipes. would expected with its 
large grooves and sharp projections, this roughness gave the greatest friction 
factor any shape investigated. 

Relative Roughness.—While the description the roughnesses and their 
comparisons have been made the basis actual size, shouid remem- 
bered that this can done only because the radius the pipe has changed 
little comparison with the changes roughness. This investigation neither 
proves nor disproves the similitude theory applied relative roughness. 
Nikuradse has made satisfactory experimental demonstration the validity 
this theory. 

The friction factor function the Reynolds number and the relative 
roughness, or, 


The relative roughness factor, must have the same value for any two pipes 


they are have the same values for all values present, 
there known method determining undoubtedly some function 
the size, shape, and distribution individual roughness elements. The 
problem determining numerical values that will define certain standard 
surfaces important one that will doubtless receive the attention future 
investigators. 

Comparison Results with Those Other comparison 
with Nikuradse’s experiments was made investigating conditions the 
region large Reynolds numbers where the curve representing the mean 
his results approximately horizontal. were computed from 
Nikuradse’s formula (Equation the friction factor, being taken from the 
right side the curves Fig. 11(b). These values are the diameters 
sand grains required give the same roughness effect the corresponding 
grooves. Table gives the value obtained this manner. all cases, 
except Roughness and Roughness Ia, the diameters sand grains are 
larger than the depths the grooves. The shape the rough surfaces seems 
have almost much effect the depth the grooves. and 
the closeness the roughness particles appears account for the small 
friction factor. Run III has the same depth groove Run and the shape 
not radically different; and yet the sand grains for Run III have about 
four times the diameter those for Run Apparently, this increase the 
value caused entirely the distribution the roughness elements. 
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The ratio the depth groove the radius the pipe 
experiments was larger all cases than those used this investigation. The 
distributions used Schiller were about and grooves per in. Because 
the relatively larger grooves and the smaller range Reynolds numbers 
covered experiments, difficult establish relationships between 
the results the two investigations. 
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The experiments described herein indicate that the shape the roughness 
elements quite important the size. This evident from examina- 
tion Columns (5) and (6) Table well Fig. 11. Runs 
III, while having the same depth groove, have wide variation friction 
factor. the shape Runs and III are somewhat similar, the difference 
friction factor may attributed the difference distribution the 
roughness elements. 


APPENDIX 


The following symbols, adopted for use this paper, conform all 
essential respects with “Symbols for compiled committee 
the American Standards Association, with Society representation, and 
approved the Association 1929: 


coefficient; constant for each type roughened surface 
(not confused with Chezy’s coefficient, 

depth; depth flow; depth section. 

friction factor used expressing loss head pipes; Darcy’s 
friction factor; subscript, denotes “friction.” 

gravity constant; acceleration due gravity. 

head; subscript, denotes “hydraulic radius.” 

taken measure absolute roughness. 

radius pipe 

area; cross-section area pipe 

Chezy’s coefficient (not confused with introduced 
the paper). 

mean interior diameter pipe. 

force; total pressure; loss pressure. 

total head; total loss head due friction. 
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length experimental pipe sections. 

radius (not confused with (see Equation (5)). 

Reynolds number; Reynolds number based the 
radius 

temperature. 


velocity; average velocity section. 
viscosity, absolute. 


density 
function of. 


APPENDIX 


VALUES OF: 
head, velocity,| head, 
eet friction, eet per| friction, 
feet? 


(a) Run 0, Parr a; A 0.0233 Square Feet; D = 0.1722 Feet; 55.152. 


5.71 0.555 800 4.867 0.2975 18.19 3.99 126 440 5.598 0.148 
1.85 0.059 800 4.377 0.3035 19.44 4.52 126 960 5.629 0.144 
1.39 0.0514 800 0.492 20.35 4.94 127 740 5.651 0.143 
3.14 0.159 000 4.602 0.274 21.2 5.34 127 740 5.669 0.145 
3.84 0.26 200 4.685 0.314 22.15 5.74 128 260 5.69 0.135 
4.243 0.333 800 4.760 0.334 22.8 6.06 128 580 5.704 0.136 
5.45 0.483 060 4.876 0.282 24.36 6.85 129 300 5.734 0.132 
5.895 0.570 480 4.9120 0.282 26.4 7.95 129 820 5.772 0.124 
9.69 1.27 125 400 5.322 0.200 28.2 8.89 130 340 5.802 0.114 
11.71 1.775 125 400 5.44 0.178 29.4 9.64 130 600 5.820 0.1125 
13.13 2.175 125 400 5.454 0.166 30.45 10.2 130 600 5.836 0.108 
14.59 2.635 125 400 5.499 0.159 32.38 11.4 130 860 5.862 0.104 
15.75 3.05 125 660 5.532 0.156 34.1 12.57 130 860 5.886 0.101 
16.3 3.21 125 660 5.548 0.1495 35.6 13.5 131 5.906 0.095 
17.2 3.61 125 920 0.153 38.6 15.37 131 380 5.941 0.08 


| 
y . 
VALUES OF: 
B 1 og 
og R ; 
ig 
feet 


FRICTIONAL RESISTANCE PIPES 


TABLE 2.—(Continued) 


VALUES OF: VALUES oF: 
head, velocity,| head, Hy, 
feet? feet 


(b) Run 0, Part b; A =0.0234 Square Feet; D=0.1720 Feet; anv 55.23 


o 


178 340 
178 340 


w 


= 


t 


169 700 


0.332 9.88 


orn 


4.79 117 900 

5.39 118 900 


698 
seco 
1 
13.20 2.31 99 320 353 0.205 8.68 
15.93 3.24 99 550 436 0.172 13.5 02 229 810 | 5.728 | 0 
18.42 4.16 780 0.155 17.34 255 229 540 5.836 
21.52 5.69 780 3875 0.148 19.65 229 270 5.890 
6.65 320 612 0.130 22.23 122 229 000 5.922 0.0795 
8.45 090 668 0.120 24.0 229 270 5.976 0.073 
30.20 10.30 550 7138 0.1195 27.44 295 229 540 6.0355 0.052 
32.7 11.97 99 780 749 0.115 30.43 81 229 540 | 6.080 | 0.440 
34 86 13.43 99 320 7754 | 0.1096 || 33.43 60 229 270 | 6.124 | 0.042 
36.7 14.57 99 320 797 0.160 36.27 18 229 270 | 6.159 | 0.034 
15.20 550 812 0.0918 38.62 13.60 229 810 6.194 0.027 
8.90 0.975 170 240 416 0.156 6.84 0.625 232 700 | 5.437 0.192 
12.78 1.918 169 700 572 0.136 8.28 0.907 233 300,| 5.522 | 0.198 
16.36 3.028 169 700 679 0.120 13.71 2.163 232 000 | 5.738 | 0.127 
18.8 3.97 169 700 740 0.1175 || 16.98 3.181 231 180 | 5.830 | 0.1105 
21.2 5.00 169 700 792 0.112 20.47 4.506 231 730 5.912 0.098 
23 .33 5.885 169 970 834 0.100 23.6 5.790 232 700 | 5.976 | 0.082 
26.58 7.40 170 240 | 5.892 0.088 27.6 7.41 232 700 | 6.044 | 0.055 
29.8 9.045 169 700 5.940 0.074 30.92 9.10 232 700 6.093 0.0455 
32.5 10.8 169 430 5.977 0.076 34.5 10.97 232 700 144 0.030 
34.8 12.11 169 700 6.008 0.067 37.1 
37.2 13.44 169 700 | 6.042 0.055 39.6 1 
39.55 14.50 | 6.062 0.034 
1.20 
1.72 0.0625 76 000 | 4.354 0.393 10.43 
2.35 0.1025 800 4.482 0.337 10.9 
2.785 0.138 900 4.590 0.318 9.68 
3.01 0.1595 83 210 | 4.636 0.314 10.80 
3.43 0.203 85 100 | 4.703 0.3055 || 11.59 
3.93 0.263 85 730 | 4.765 0.300 12.94 
4.31 0.321 85 940 | 4.806 0.305 14.11 
4.61 0.366 300 4.838 0.303 15.48 
4.91 0.409 102 140 5.4800 
5.09 0.442 102 860 0.2648 
0.5165 103 100 5.5353 0.2648 
5.99 0.605 104 300 5.5697 0.2672 
0.7305 105 020 5.5916 0.2768 
7.20 0.858 105 740 5.6243 0.2695 
7.54 0.934 2 106 220 | 5.6646 | 0.2742 2 
7.96 1.02 -82 106 940 5.6981 0.2765 
8.43 1.15 5.120 0.278 29.12 13.6 107 660 5.7332 0.2742 
8.80 1.254 5.142 0.278 30.73 15.18 107 900 5.7574 0.2742 
-65 5.587 0.2765 
11:98 5.615 0.2695 
13.21 5.638 | 0.272 
14.78 5.658 | 0.272 
16.15 5.676 | 0.2735 
17.31 5.692 0.274 
18.35 0.288 
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TABLE 2.—(Continued) 


VALUES OF: VALUES 
eet per| friction, eet friction, 
feet ? feet ? 
26.4 11.45 119 650 | 5.737 0.2835 9.1 1.336 119 150 | 5.272 0.276 
27.78 2.69 120 150 | 5.760 0.284 8.28 1.130 121 400 | 5.240 0.2855 
28.75 13.62 120 400 | 5.776 0.286 1.653 0.0515 74 200 | 4.326 0.343 
29.65 14.48 121 650 | 5.794 0.298 7.60 0.922 144 380 | 5.278 0.272 
30.55 15.45 122 400 | 5.810 0.288 7.555 0.908 152 700 | 5.299 0.27 
31.5 16.40 123 150 | 5.826 0.286 10.72 1.801 160 500 | 5.473 0.263 
32.4 17.15 124 900 | 5.844 0.281 10.67 1.785 180 500 | 5.522 0.265 
32.93 17.91 130 340 | 5.870 0.287 10.57 1.760 196 080 | 5.552 0.266 
32.93 17.88 132 940 | 5.877 0.285 10.53 1.750 201 680 | 5.564 0.266 
14.43 3.25 130 600 | 5.513 0.261 9.34 1.437 85 310 | 5.138 0.285 
17.66 4.89 142 820 | 5.638 0.263 11.07 2.023 86 780 | 5.219 0.287 
21.28 7.245 147 500 | 5.734 0.272 13.17 2.835 87 200 | 5.297 0.282 
24.3 9. 154 000 | 5.810 0.276 15.7 3.964 94 260 | 5.408 0.276 
26.27 11.29 157 900 | 5.855 0.281 17.82 5.144 100 010 | 5.489 0.277 
28.21 13.20 161 800 | 5.896 0.287 18.97 5.815 104 300 .534 0.278 
33.04 16.92 167 540 | 5.982 0.258 20.3 6.645 128 000 | 5.652 0.275 
30.55 14.26 174 020 | 5.962 0.252 22.0 7.812 137 880 | 5.718 0.276 
33.12 17.17 85 160 | 6.026 0.2625 || 23.5 9.25 143 860 | 5.766 0.293 
2.763 0.141 112 650 | 4.731 0.3335 || 33.64 17.84 151 660 | 5.946 0.265 
3.87 0.2605 113 400 | 4.88 0.308 27.15 11.82 157 380 | 5.868 0.274 
4.705 0.3741 112 650 | 4.961 0.296 29.8 14.16 162 32 5.922 0.2695 
5.15 0.448 114 900 | 5.009 0.296 31.62 16.04 172 670 | 5.976 0.2735 
5.58 0.506 114 650 | 5.042 0.280 33.6 17.91 182 660 | 6.027 0.2695 
6.025 0.584 114 650 | 5.076 0.2755 || 33.77 17.40 194 960 | 6.058 0.252 
7.25 0.866 115 150 | 5.098 0.286 25 .62 10.30 199 440 | 5.946 0.262 
7.506 0.931 115 400 | 5.175 0.286 33.78 17.29 205 040 | 6.08 0.2495 
11.0 1.911 115 650 | 5.342 0.266 33.78 17.30 215 800 | 6.102 0.250 
10.5 1.778 115 650 | 5.322 0.275 33.77 17.41 221 800 | 6.114 0.2525 
9.96 1.611 117 150 | 5.305 0.278 33.78 17.50 224 700 | 6.120 0.255 
10.69 2.25 74 800 | 5.140 0.3615 12.49 3.32 128 000 | 5.440 0.396 
9.80 1.90 75 000 | 5.103 0.3625 || 10.2 2.11 128 520 | 5.355 0.384 
9.0 1.61 75 400 | 5.068 0.3655 8.34 1.442 128 000 | 5.265 0.3825 
8.145 1.319 75 600 | 5.026 0.3645 10.42 2.286 128 000 | 5.362 0.3895 
6.93 0.97 76 000 | 4.952 0.372 9.77 2.002 129 040 | 5.337 0.389 
5.825 0.6845 76 600 | 4.886 0.372 8.98 1.662 129 040 | 5.300 0.3815 
5.107 0.545 76 800 | 4.830 0.388 7.85 1.242 128 780 | 5.242 0.372 
4.197 0.372 77 000 | 4.745 0.392 6.96 0.955 128 260 | 5.188 0.362 
3.22 0.2192 77 400 | 4.634 0.392 5.97 0.684 127 480 | 5.119 0.3505 
2.143 0.107 78 000 | 4.460 0.435 5.08 0.496 127 740 | 5.048 0.3505 
1.582 0.0613 78 400 | 4.330 0.456 4.073 0.3185 128 000 | 4.954 0.3505 
2.575 0.1421 79 O10 | 4.545 0.398 2.96 0.174 128 000 | 4.815 0.364 
3.615 0.2665 79 220 | 4.692 0.3765 2.283 0.1065 128 000 | 4.703 0.378 
4.70 0.4504 78 800 | 4.806 0.376 3.482 0.232 128 000 | 4.886 9.348 
5.505 0.615 78 400 | 4.872 0.374 4.565 0.3945 128 000 | 5.004 0.344 
33.4 24.95 76 000 | 5.642 0.416 5.55 0.5905 128 000 | 5.088 0.350 
31.6 22.1 76 200 | 5.618 0.411 10.6 2.44 167 540 | 5.486 0.4035 
29.76 19.5 76 400 | 5.593 0.410 9.85 2.092 166 480 | 5.452 0.400 
28.0 17.2 76 600 | 5.568 0.4075 9.04 1.73 166 220 | 5.414 0.392 
25.95 14.61 76 800 | 5.536 0.404 8.025 1.34 166 480 | 5.363 0.386 
24.18 12.54 76 800 | 5.505 0.3985 7.04 1.011 166 740 | 5.306 0.37 
22.23 10.63 77 000 | 5.470 0.400 6.09 0.7445 167 000 | 5.244 0.369 
20.36 8.82 77 400 | 5.434 0.396 3.91 0.300 166 220 | 5.051 0.360 
18.4 7.125 77 600 | 5.391 0.391 2.86 0.1665 165 180 | 4.911 0.375 
16.52 5.72 77 800 | 5.346 0.388 2.122 0.100 164 920 | 4.781 0.414 
14.47 4.33 77 800 | 5.288 0.383 3.462 0.228 164 920 | 4.904 0.346 
12.58 3.276 78 000 | 5.228 0.3825 4.445 0.381 165 700 | 5.104 0.352 
10.86 2.403 78 000 | 5.165 0.376 5.505 0.599 165 960 | 5.197 0.362 
9.35 1.753 78 200 | 5.10 0.370 33.9 26.06 167 000 | 5.989 0.422 
33.43 25.62 128 52 5.870 0.426 32.1 23.4 167 000 | 5.966 0.424 
32.0 23 .42 128 52 5.851 0.425 29.86 20.2 167 000 | 5.934 0.4215 
29.7 19.7 128 000 | 5.816 0.416 27 .36 17.02 167 000 | 5.896 0.424 
27.2 16.54 128 520 | 5.781 0.416 25.2 14.37 167 000 | 5.860 0.422 
24.15 12.94 128 000 | 5.726 0.414 22.75 11.79 167 000 | 5.816 0.4255 
21.8 10.4 128 520 | 5.6805 | 0.415 19.9 9.07 167 000 | 5.758 0.428 
19.36 8.30 128 520 | 5.632 0.413 18.11 7.43 167 000 | 5.717 0.422 
17.1 6.39 128 000 | 5.577 0.408 15.75 5.535 167 000 | 5.656 0.4145 
14.7 4.64 128 000 | 5.511 0.398 13.21 3.82 167 000 | 5.580 0.4065 
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TABLE 2.—(Continued) 


VALUES OF: VALUES 
velocity,| head, Hy, velocity,) head, 
eet per riction, u eet per riction, B og 


feet 2 feet 2 


11.53 2.886 167 000 5.521 0.402 10.6 2.53 221 700 5.608 
9.64 2.02 167 000 | 5.443 0.405 9.84 2.157 222 900 | 5.578 0.414 
34.0 26 .02 222 900 | 6.116 0.42 9.00 1.778 222 900 | 5.540 0.408 
32.2 23.24 222 900 | 6.09 0.418 7.975 1.372 222 900 | 5.487 0.402 
30.4 20.62 222 900 | 6.068 0.4165 6.94 1.010 222 900 | 5.426 0.3895 
27.7 17.35 222 900 | 6.028 0.420 6.02 0.757 222 900 | 5.365 0.388 
25.6 14.87 222 900 | 5.994 0.422 5.11 0.532 222 900 | 5.294 0.376 
23.55 12.68 222 900 | 5.957 0.427 4.005 0.318 222 900 | 5.188 0.364 
21.44 10.6 222 900 | 5.917 0.429 2.82 0.160 222 900 | 5.036 0.3705 
19.44 8.75 222 900 | 5.874 0.432 1.902 0.0825 222 900 | 4.865 0.4255 
17.6 7.16 222 900 | 5.831 0.431 3.55 0.244 223 200 | 5.136 0.354 
15.3 5.345 222 900 | 5.776 0.424 4.51 0.4045 223 200 | 5.240 0.364 
13.17 3.94 222 900 | 5.704 0.424 5.595 0.6455 222 900 | 5.332 0.381 
(f) Ron III: A=0.02336 Square Feet; D = 0.1725 Freer; ann = 55 09. 

31.96 23.77 600 5.614 0.434 5.58 0.631 128 000 5.091 0.374 
30.2 21.19 74 800 | 5.590 0.434 6.02 0.736 128 000 | 5.124 0.376 
28.55 18.7 75 200 | 5.580 0.428 32.02 24.11 166 220 | 5.964 0.4365 
26.58 16.1 75 600 | 5.538 0.42 30.35 21.38 166 480 | 5.940 0.433 
24 46 13.58 76 000 | 5.507 0.422 28.4 18.69 166 480 | 5.912 0.432 
22.45 11.45 76 200 | 5.470 0.424 26.46 16.16 167 000 | 5.882 0.430 
20.55 9.505 76 400 | 5.433 0.420 24.02 13.40 166 480 | 5.839 0.433 
18.53 7.69 76 600 | 5.388 0.418 22.0 11.37 166 480 | 5.801 0.437 
16.4 5.91 77 000 | 5.339 0.410 20.0 9.40 166 740 | 5.760 0.438 
14.21 4.48 77 400 | 5.277 0.413 18.09 7.61 166 740 | 5.716 0.435 
11.36 2.819 77 600 | 5.183 0.407 16.0 5.89 166 740 | 5.663 0.430 
9.07 1.74 800 5.086 0.393 13.5 4.192 167 000 5.590 0.428 
10.77 2.442 77 800 | 5.160 0.392 11.36 2.957 167 5.515 0.428 
10.06 2.13 77 800 | 5.130 0.390 9.8 2.186 166 740 | 5.450 0.4245 
9.245 1.771 800 5.094 0.384 9.2 1.928 166 480 5.423 0.424 
8.43 1.473 77 800 | 5.054 0.384 10.74 2.655 169 700 | 5.498 0.428 
7.55 1.17 78 000 | 5.006 0.3795 10.07 2.281 169 160 | 5.468 0.420 
6.55 0.875 78 200 | 4.946 0.378 9.19 1.874 168 350 | 5.426 0.414 
5.495 0.62 78 600 | 4.870 0.381 8.243 1.48 168 350 | 5.378 0.406 
4.56 0.4345 78 600 | 4.790 0.387 7.225 1.149 168 350 | 5.321 0.410 
3.74 0.2922 78 800 | 4.706 0.388 6.195 0.796 167 270 | 5.252 0.3845 
2.87 0.174 79 010 | 4.592 0.392 5.20 0.571 167 270 | 5.176 0.392 
2.078 0.087 79 22 4.454 0.372 4.126 0.359 167 270 | 5.076 0.3905 
1.35 0.0467 79 430 | 4.267 0.476 3.083 0.1988 167 270 | 4.95 0.3875 
1.628 0.0639 80 060 | 4.352 0.450 1.964 0.0890 167 540 | 4.754 0.431 
2.483 0.1251 80 900 | 4.540 0.375 1.61 0.0624 167 540 | 4.668 0.449 
3.295 0.216 80 900 | 4.662 0.366 4.72 0.4468 167 000 | 5.133 0.369 
4.16 0.356 80 480 | 4.672 0.380 5.725 0.672 165 700 | 5.214 0.380 
5.10 0.5395 80 060 | 4.848 0.3845 32.4 24.22 222 900 | 6.096 0.431 
32.0 24.2 126 180 | 5.844 0.4415 30.73 21.61 221 400 | 6.070 0.428 
30.08 21.33 127 480 | 5.821 0.439 28.82 19.29 221 400 | 6.042 0.432 
28.22 18.51 128 000 | 5.795 0.4325 27.12 17.03 222 900 | 6.018 0.432 
25.83 15.41 128 260 | 5.758 0.430 24.83 14.37 222 900 | 5.980 0.434 
22.72 12.18 128 260 | 5.701 0.440 23.0 12.38 222 900 | 5.947 0.436 
20.81 10.31 128 000 | 5.663 0.444 20.86 10.29 222 900 | 5.905 0.440 
18.75 8.345 128 000 | 5.617 0.443 18.58 8.14 222 900 | 5.854 0.440 
16.81 6.64 128 000 | 5.570 0.438 16.54 6.48 222 900 | 5.804 0.442 
14.73 5.055 128 000 | 5.513 0.434 14.0 4.577 222 900 | 5.732 0.435 
12.28 3.48 128 000 | 5.433 0.4315 11.7 3.218 222 900 | 5.654 0.438 
10.43 2.492 128 000 | 5.353 0.426 10.89 2.727 224 280 | 5.626 0.4295 
9.325 0.978 128 000 | 5.314 0.4235 10.07 2.323 223 420 | 5.589 0.428 
10.67 2.522 127 480 | 5.370 0.414 9.30 1.978 221 400 | 5.550 0.426 
9.71 2.10 129 820 | 5.338 0.415 8.29 1.549 221 400 | 5.501 0.420 
8.94 1.733 129 82 5.301 0.4035 7.20 1.141 221 400 | 5.439 0.412 
8.095 1.416 129 300 | 5.257 0.402 6.17 0.846 221 400 | 5.373 0.4145 
7.05 1.052 129 300 | 5.197 0.393 5.20 0.585 221 400 | 5.298 0.403 
6.02 0.7355 128 520 | 5.126 0.376 4.163 0.3625 222 000 | 5.203 0.388 
4.992 0.505 128 000 | 5.042 0.374 3.303 0.2325 222 900 | 5.104 0.3965 
3.92 0.302 128 000 | 4.937 0.361 2.571 0.1372 22 900 | 4.995 0.385 
2.857 0.1549 128 000 | 4.800 0.346 1.893 0.081 222 900 | 4.862 0.422 
2.32 0.108 128 520 | 4.712 0.370 3.67 0.2656 222 900 | 5.150 0.362 
3.437 0.224 128 520 | 4.882 0.346 4.69 0.469 223 420 | 5.257 0.3965 
4.425 0.396 128 780 | 4.992 | 0.373 5.745 0.720 222 900 | 5.344 0.4065 


ee 


ooo 

| =— 

Mes 

veloc 

V, i 

feet 

0.7 

6.! 

8.! 

10 

10 

14 

16 

18 

20 

22 

23 

2 

2 

2 

2% 

2 

2) 


FRICTIONAL RESISTANCE PIPES 701 


TABLE 2.—(Continued) 
VALUES OF: VALUES OF: 
vyelocity,| head, Hy, p velocity,| head, 
iction, eet per 
feet ? feet? 


8.87 2.275 030 5.162 0.530 15.68 7.51 170 240 5.666 0.5565 
10.79 3.395 490 5.248 0.536 12.8 4.97 170 510 5.580 0.551 
12.19 4.424 180 5.304 0.548 9.82 2.89 170 780 5.464 0.5475 
14.19 6.025 870 5.372 0.546 5.77 0.969 170 780 5.234 0.534 
16.8 8.51 560 5.450 0.550 30.2 28.45 170 780 5.952 0.566 
18.8 10.81 710 5.504 0.554 30.22 28.6 170 780 5.953 0.566 
20.75 13.13 400 5.550 0.556 29.4 27.1 171 320 5.942 0.5665 
22.86 16.18 5.596 0.564 1.825 219 000 5.465 0.564 
29.61 100 240 5.821 0.572 28.72 225 000 6.077 0.5585 
26.44 22.28 102 620 5.674 0.574 28.95 229 000 6.087 0.558 
27.9 24.36 105 500 5.709 0.565 1.861 0.0805 222 900 0.4365 
30.4 29.2 112 900 5.775 0.571 2.702 0.188 228 100 5.030 0.481 
30.35 128 000 5.829 0.564 3.639 0.352 229 270 5.162 0.4945 
29.17 128 260 0.567 4.355 0.52 230 100 5.242 0.508 
27.96 129 560 5.800 0.570 4.95 0.685 229 000 5.295 0.517 
22.20 130 340 5.782 0.565 5.50 228 550 5.340 0.536 
25.0 19.40 128 520 5.747 0.563 6.46 1.22 228 100 5.409 0.5365 
16.59 127 480 5.709 0.562 7.003 1.442 228 100 5.444 0.5395 
21.4 14.19 125 400 5.669 0.562 7.70 1.756 227 650 5.483 0.542 
30.4 29.01 120 400 0.566 8.48 2.158 227 650 5.525 0.5475 
3.168 0.2515 129 560 4.854 0.469 9.008 2.445 228 100 5.553 0.5495 
3.84 0.380 130 340 4.940 0.482 9.47 2.735 229 270 5.578 0.554 
4.50 0.5295 129 560 5.005 0.487 10.1 3.11 229 270 5.605 0.555 
5.005 0.670 127 740 5.046 0.498 10.87 3.618 229 270 5.637 0.556 
5.36 0.774 127 480 5.076 0.5005 11.63 4.06 229 270 5.666 0.548 
5.645 0.870 127 480 5.097 0.506 13.6 5.54 230 370 5.736 0.548 
6.305 1.10 128 260 5.148 0.513 16.0 7.90 229 540 5.806 0.559 
6.84 1.31 129 040 5.186 0.518 18.47 10.6 229 000 5.866 0.5635 
7.54 1.61 129 040 5.228 0.523 20.9 13.77 228 550 5.920 0.569 
8.18 1.92 129 040 5.264 0.528 23.2 228 550 5.965 0.5645 
8.70 2.167 129 040 5.291 0.528 25.5 228 550 6.006 0.562 
9.21 2.443 129 040 5.316 0.531 23.1 228 100 6.035 0.5605 
9.71 2.745 128 780 5.337 0.535 30.2 .82 228 100 6.078 0.5545 
10.29 3.096 128 520 5.362 0.536 6.7 1.330 227 650 0.543 
10.81 3.450 128 000 5.382 0.5395 10.2 3.207 228 550 5.611 0.552 
3.147 0.2464 167 000 4.962 0.466 5.51 229 540 0.5505 
4.005 166 740 5.065 0.482 9.70 229 270 5.845 0.570 
4.815 0.615 166 740 5.145 0.494 20.03 12.76 229 5.902 0.572 
5.445 0.811 167 000 5.199 0.5075 21.8 15.17 229 270 5.939 0.574 
5.71 0.8975 167 000 5.220 0.510 23.7 17.68 229 540 5.976 0.5685 
6.04 1.011 168 080 5.246 0.514 27.0 22.82 229 000 6.031 0.566 
6.485 1.71 167 270 5.276 0.516 30.4 229 000 6.082 0.557 
7.36 1.541 166 740 5.328 0.5235 0.2143 227 380 5.053 0.4885 
7.825 1.760 166 740 5.355 0.529 4.075 0.451 229 000 5.210 0.5035 
8.445 2.063 167 000 5.389 0.532 5.00 0.699 230 100 5.302 0.5165 
9.19 2.482 167 000 5.426 0.5385 5.435 0.855 229 540 5.336 0.5335 
9.55 2.71 166 740 5.442 0.544 6.105 1.092 228 550 5.386 0.538 
10.12 3.05 167 000 5.469 0.544 6.78 1.353 228 100 5.430 0.5405 
10.72 3.46 167 5.494 0.598 7.56 1.714 228 100 5.478 0.548 
14.98 6.79 167 270 5.640 0.551 8.70 2.296 229 000 5.540 0.552 
16.85 8.72 167 270 5.690 0.558 9.46 2.760 229 5.577 0.559 
18.6 10.7 167 270 5.734 0.561 10.23 3,228 229 540 5.612 0.560 
20.5 13.28 167 0.5685 11.03 3.772 229 540 5.644 0.561 
15.68 167 540 5.812 0.570 30.45 28.42 236 200 6.098 0.556 
23.9 18.39 166 740 5.841 0.578 25.56 237 640 0.562 
26.0 21.22 166 480 5.877 0.566 27.3 23.1 238 020 6.053 0.5615 
24.38 166 480 5.908 0.564 20.8 237 640 6.028 0.564 
29.6 166 740 5.934 24.1 18.0 237 640 5.998 0.562 
30.75 28.99 167 000 5.951 0.557 22.0 15.23 236 880 5.956 0.569 
29.21 170 510 5.938 0.564 19.85 12.46 237 640 5.913 0.5765 
28.36 25.41 170 780 5.925 0.570 17. 10.08 237 640 5.867 0.572 
170 780 5.906 0.568 15.27 237 640 5.799 0.562 
25.15 20.42 171 5.872 0.580 11.68 4.245 237 640 5.683 0.563 
23.5 17.39 170 510 5.843 0.568 7.99 2.00 236 880 5.517 0.5665 
21.13 14.21 170 240 5.799 0.5665 0.921 236 880 5.356 0.552 
19.03 11.31 170 240 5.750 0.565 
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TABLE 2.—(Continued) 


VALUES OF: VALUES 
velocity,| head, Hy, 

\ V,in = to 

feet ? feet ? 


D 
10.07 3.761 600 5.122 0.640 28.37 31.75 167 000 5.916 0.6675 
11.62 5.05 75 600 | 5.184 0.644 27.10 28.75 167 000 | 5.896 0.663 
12.52 5.91 75 600 | 5.218 0.6465 25.62 25.71 166 740 | 5.871 0.663 
14.88 8.35 75 800 | 5.283 0.648 23.8 22.18 166 740 | 5.839 0.664 
17.15 11.20 76 000 | 5.355 0.652 22.0 19.18 167 000 | 5.806 0.670 
19.10 14.03 76 000 | 5.401 0.656 19.96 15.83 167 000 | 5.763 0.670 
20.96 17.0 76 000 | 5.442 0.660 17.84 12.63 167 000 | 5.714 0.670 
23 .07 20.83 76 400 | 5.486 0.664 16.03 10.0 167 000 | 5.669 0.661 
28.14 30.83 76 600 | 5.572 0.662 14.10 7.66 166 480 | 5.611 0.657 
26.79 27 .87 76 800 | 5.554 0.6605 10.20 4.005 166 220 | 5.470 0 657 
26.20 24.78 77 200 | 5.530 0.662 11.10 4.708 166 220 | 5.507 0 654 
23.96 22.25 400 5.508 0.660 12.21 5.75 166 480 5.548 0.6565 
1.241 0.0372 78 000 | 4.22 0.454 1.241 0.0362 166 480 | 4.556 | 0.4425 
1.509 0.0583 78 000 | 4.310 0.4695 2.182 0.1432 167 000 | 4.802 0.550 
2.238 0.1419 79 010 | 4.488 0.524 3.097 0.3123 169 430 | 4.960 0.584 
3.031 0.276 79 430 | 4.622 0.549 4.10 0.586 169 430 | 5.082 | 0.614 
3.95 0.509 79 010 | 4.735 0.584 5.105 0.929 167 000 | 5.172 0.623 
4.94 0.8315 78 600 | 4.830 0.604 4.60 0.745 166 220°| 5.124 0.6175 
4.465 0.6805 78 400 | 4.786 0.604 3.565 0.4325 166 480 | 5.014 0.602 
3.56 0.415 78 600 | 4.687 0.586 2.762 0.248 166 740 | 4.904 0.583 
2.675 0.2162 78 800 | 4.564 0.552 1.691 0.0885 166 740 | 4.690 0.563 
1.98 0.1186 79 220 | 4.436 0.553 5.675 1.172 167 000 | 5.217 0.632 
1.443 0.0643 79 430 | 4.299 0.560 10.80 4.565 166 740 | 5.496 | 0.6635 
5.54 1.062 79 430 | 4.883 0.6105 9.80 3.73 166 740 | 5.453 0.660 
10.48 4.05 78 800 | 5.157 0.638 8.955 3.08 167 000 | 5.416 0.656 
9.55 3.335 79 010 | 5.118 0.634 8.125 2.504 167 000 | 5.373 0.650 
8.70 2.73 79 220 | 5.078 0.628 7.125 1.907 167 000 | 5.316 | 0.646 
7.755 2.166 79 220 | 5.028 0.628 6.30 1.453 167 000 | 5.270 0.6355 
6.88 1.69 79 220 | 4.976 0.624 28.3 31.64 222 900 | 6.040 0.668 
6.08 1.295 79 430 | 4.924 0.616 27.22 29.0 222 900 | 6.024 0.6625 
28.2 31.59 128 000 | 5.798 0.669 25.8 26.23 222 900 | 6.000 0.666 
26.85 28.3 128 000 | 5.776 0.664 24.05 23.73 222 900 | 5.969 0.658 
25.4 25.19 128 000 | 5.752 0.662 22.1 19.4 222 900 | 5.933 0.671 | 
23.3 21.1 128 000 | 5.715 0.660 20.2 16.28 222 900 | 5.894 0.6715 
21.48 18.09 128 000 | 5.680 0.664 18.23 13.2 222 900 | 5.850 0.670 
19.52 14.91 128 000 | 5.638 0.664 16.08 10.27 222 900 | 5.795 0.670 
17.6 11.97 128 000 | 5.594 0.658 13.85 7.445 222 900 | 5.730 0.660 
15.72 9.46 128 000 | 5.544 0.654 10.28 4.23 222 900 | 5.601 0.6725 
13.47 6.97 128 000 | 5.477 0.656 11.37 5.07 222 900 | 5.644 0.664 
11.92 5.407 128 000 | 5.422 0.6515 12.2 5.845 222 900 | 5.675 0.6645 
11.09 4.65 128 000 | 5.392 0.649 10.42 4.29 222 900 | 5.607 0.666 
10.28 4.00 128 000 | 5.359 0.649 9.655 3.673 223 560 | 5.574 0.667 
1.158 0.0306 130 080 | 4.418 0.431 9.04 3.182 223 920 | 5.546 0.661 
2.38 0.171 131 120 | 4.735 0.5505 8.250 2.636 223 920 | 5:506 0.6595 
3.10 0.3115 133 200 | 4.856 0.581 7.325 2.05 223 560 | 5.454 0.654 
3.82 0.4905 132 680 | 4.944 0.598 6.535 1.612 223 200 | 5.405 0.6495 
4.95 0.8625 130 080 | 5.048 0.618 5.92 1.327 222 900 | 5.362 0.650 
4.44 0.683 129 560 | 5.000 0.610 5.405 1.10 222 900 | 5.322 0.648 
3.60 0.4375 129 560 | 4.910 0.599 4.395 0.706 222 900 | 5.232 0.6325 
2.70 0.2322 129 300 | 4.784 0.574 3.421 0.4195 222 900 | 5.123 0.626 
2.024 0.1291 129 300 | 4.659 0.570 2.703 0.2475 222 900 | 5.021 0.600 
5.50 1.065 129 040 | 5.092 0.6175 1.831 0.1101 222 900 | 4.852 0.588 
10.81 4.49 127 740 | 5.380 0.655 1.211 0.0458 222 900 | 4.672 0.5655 
9.92 3.76 127 740 | 5.342 0.652 1.372 0.0618 222 900 | 4.726 0.586 
9.10 3.124 128 000 | 5.306 0.648 2.424 0.191 222 900 | 4.974 0.584 
8.07 2.428 128 000 | 5.254 0.642 3.235 0.364 223 560 | 5.100 0.612 
7.045 1.819 128 260 | 5.196 0.635 2.981 0.5655 223 560 | 5.190 | 0.6235 
6.39 1.431 128 260 | 5.154 0.616 4.945 0.8995 222 900 | 5.283 0.6365 
Run VI: A =0.02392 Square Feet; D=0.1745 Fert; AND 7 = 54.44. 
28.4 31.4 78 600 | 5.591 0.663 17.56 11.82 83 630 | 5.408 0.656 
26.7 28.1 79 220 | 5.568 0.667 15.85 9.67 84 260 | 5.368 0.659 
25.8 26.08 80 270 | 5.558 0.667 13.65 7.15 84 680 | 5.304 0.657 
23.76 21.98 80 690 | 5.524 0.664 11.84 5.34 84 890 | 5.244 0.653 
21.6 18.02 81 540 | 5.488 0.661 10.11 3.84 85 310 | 5.178 0.6475 
20.38 15 88 82 160 | 5.466 0.656 8.51 2.66 85 730 | 5.105 0.638 
18.8 13.6 82 790 | 5.434 0.658 5.72 1.11 86 150 | 4.934 0.604 
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TABLE 2.—(Continued) 


VALUES VALUES OF: 
yelocity,| head, Hy. velocity,| head, H,, p 
V,in due to V,in due to 


log 


feet ? feet ? 


1.348 0.0532 81 32 4 282 0.540 14.91 8.66 166 220 | 5.637 0.6635 
1.943 0.0880 83 000 | 4.450 0.440 13.09 6.61 166 740 | 5.580 0.660 
10.67 4.198 82 370 | 5.186 0.640 11 68 5.28 167 540 | 5.533 0.6615 
10.0 3.69 82 580 | 5.158 0.640 10.57 4.255 167 270 | 5.490 0.654 
9.30 3.158 82 580 | 5 126 0.6345 12.2 5.82 167 000 | 5.553 0.6615 
8.7 2.73 82 370 | 5.096 0.630 11.0 4.74 168 (80 | 5.509 0.666 
7.89 2.233 82 370 | 5.054 0.628 10.34 4.17 165 700 | 5.476 0.664 
6.945 1.71 82 370 | 4.999 0.622 9.60 3.59 165 700 | 5.444 0.663 
5.995 1.238 82 580 | 4.936 0.610 8.80 2.983 166 220 | 5.407 0.6585 
5.243 0.937 82 370 | 4.876 0.606 7.90 2.378 166 480 | 5.382 0.654 
4.876 0.808 82 370 | 4.846 0.6045 6.98 1.836 166 740 | 5.307 0.6495 
4.357 0.6445 82 370 | 4.797 0.604 5.855 1.269 166 740 | 5.232 | 0.6415 
4.005 0.539 82 370 | 4.760 0.599 5.03 0.892 166 480 | 5.186 0.621 
3.66 0.445 82 ARO | 4.72 0.594 4.495 0.710 165 960 | 5.114 0.6195 
3.268 0.3465 82 580 | 4.673 0.584 3.76 0.492 165 700 | 5.037 0.6145 
2.855 0.2603 82 580 | 4.614 0.577 3.11 0.325 165 960 | 4.955 0.599 
2.402 0 1835 82 790 | 4.541 0.575 2.595 0.2203 166 480 | 4 898 0.588 
1.86 0 1151 82 790 | 4 430 0.5955 2.077 0.1428 166 740 | 4 780 0.592 
4.06 0 5235 128 260 | 4.959 0 574 28.6 32.6 223 920 | 6.048 0.674 
28.35 32.18 127 740 | 5.800 0.6755 || 27.3 29.83 223 920 | 6.02 0.675 
26.46 27.78 128 000 | 5.772 0.670 26.24 27 .62 223 92 6.011 0.6755 
24.6 23.74 128 .52 5.742 0.667 25.36 25.77 223 920 | 5 996 0.676 
23.01 20.8 128 000 | 5.712 0.6665 || 24.36 23 .93 224 280-| 5 980 0.6785 
21.6 18.35 128 000 | 5 684 0.668 23.15 21.62 224 280 | 5.958 | 0.6795 
20.13 15.92 128 260 | 5 654 0.668 21.95 19.42 224 280 | 5.934 0.6785 
18.23 13.11 128 780 | 5.612 0.669 20.42 16.92 224 2 5.904 0.6815 
16.03 9.94 128 260 | 5.556 0.660 19.1 14.71 224 100 | 5.874 0.6785 
14.4 7.95 128 000 | 5.508 0.656 17.6 12.5 224 100 | 5.838 0.6785 
12.23 5.795 128 000 | 5.437 0.660 15.77 9.90 224 280 | 5.791 9.673 
3.139 0.325 128 260 | 4.846 0.591 13.84 7.615 224 100 | 5.734 0.6725 
10.89 4.56 126 960 | 5.383 0.659 12.33 5.995 224 100 | 5.684 0.668 
10.59 4.32 126 700 | 5.368 0.6595 |) 11.05 4.84 223 920 | 5.636 0.6705 
10.02 3.85 127 480 | 5.348 0.656 10.6 4.45 224 100 | 5.618 0.6725 
9.395 3.363 128 000 | 5.322 0.654 9.90 3.886 224 460 | 5.589 0.6715 
8.66 2.838 128 000 | 5.288 0.6505 9.28 3.395 224 460 | 5 560 0.6685 
7.85 2.318 127 480 | 5.242 0.648 8.56 2.862 224 460 | 5.526 0.665 
7.085 1.842 127 480 | 5.198 0.638 7.62 2.252 224 460 | 5.476 0.662 
6.20 1 381 127 480 | 5.140 0.629 6.66 1.692 224 460 | 5 417 0.655 
5.406 1 028 127 74( | 5.080 0.6195 5.85 1.30 224 280 | 5.361 0.652 
4.66 0 746 128 000 | 5 018 0.610 5.05 0.946 224 280 | 5.297 0.642 
2 36 0. 1827 128 520 | 4.724 0.5885 4.37 0.695 224 280 | 5.234 0.6335 
28.53 32 45 167 270 | 5 92 0.674 3.598 0 464 224 280 | 5.150 0.627 
27.3 29 8 127 270 | 5.902 0.6745 2.74 0.2535 224 280 | 5.032 0.602 
26.18 27 24 167 000 | 5.883 0.673 2.103 0 1499 224 280 | 4.916 0.6025 
25.0 24.77 167 000 | 5.862 0.6705 14.1 7.805 225 360 | 5.744 0.6665 
23.8 22.5 167 000 | 5 841 0.672 12.75 6.37 222 900 | 5.696 0.666 
21.85 19.05 167 000 | 5 804 0.6735 || 11.08 4.85 221 400 | 5.632 0.670 
20.37 16.60 167 270 | 5.774 0.676 9.94 3.94 222 300 | 5.5860 | 0.6735 
18.4 13.45 167 000 | 5.730 0.6725 8.80 3.075 222 900 | 5 534 0.671 
16.85 11.20 166 740 | 5.690 0.6695 7.98 2.53 223 200 | 5.493 0.672 
14.96 8.795 166 480 | 5.660 0.668 | cocces 
10.54 5.956 75 400 | 5.184 0.803 2.12 0.192 79 850 | 4.473 0.706 
9.63 5.00 75 600 | 5.107 0.806 2.983 0.4203 80 270 | 4.624 0.748 
8.825 4.22 76 000 | 5.07 0.806 3.917 0.7375 79 640 | 4.738 0.756 
7.97 3.423 76 200 | 5.027 0.806 4.31 0.908 79 220 | 4.778 0.763 
7.11 2.597 76 200 | 4.978 0.7855 || 24.6 34.2 74 400 | 5.506 0.827 
6.158 1.928 76 600 | 4.918 0.781 23.46 30.73 74 800 | 5.470 0.8205 
5.476 1.519 76 800 | 4.868 0.779 22.0 27.04 75 200 | 5.463 0.822 
5.05 1.289 77 000 | 4.834 0.778 20.43 23 .37 75 400 | 5.432 0.821 
4.38 0.9595 77 400 | 4.77 0.7725 || 18.57 19.26 75 400 | 5.390 0.822 
3.46 0.5705 77 800 | 4.674 0.7525 6.71 15.41 75 800 | 5.347 0.8165 
2.648 0.3197 78 000 | 4.560 0.733 14.8 12.11 76 200 | 5.297 0.8175 
1.783 0 1421 78 200 | 4.388 0 726 12.85 9.095 76 2 5.235 0.8145 
1.347 0.07995 78 400 | 4.268 0.718 11.26 6.98 76 600 | 5.180 0.815 
1.57 0.102 79 221 4.339 0.694 9.69 5.095 76 800 | 5.116 0.810 
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TABLE 2.—(Continued) 


VALUES OF: VALUES oF: 
V,in to 2. V,in =. to 
feet per riction, a Og eet per riction, # og ro 
feet feet resu 
edg 
Gj) Run VII: A 0.02418 Square Feer; D = 0.1754 Feet, ann 54.145. (Continued) t 
24.59 34.61 127 480 | 5.740 0.833 \| 8.895 4 36 163 880 }] 5.408 | 0.816 user 
23.24 30.82 127 480 | 5.720 0.830 | 7 875 3.38 164 660 | 5.357 0.8115 
21.82 26.82 128 000 | 5.691 0 8295 || 6 783 2.55 165 700 | 5.295 0.812 ; 
20.23 23 .36 128 000 | 5.658 0.830 || 5.76 1.779 166 480 | 5.227 0.80385 
18.69 19.69 127 480 | 5.622 0 826 || 5.105 1.371 167 000 | 5.175 0.796 larg 
16.16 127 740 5.580 0.824 4.295 0.959 166 480 5.099 0.790 iff 
15.09 12.64 128 000 5.530 0.820 3.33 0.5605 186 480 4.988 0.778 diff 
13.03 9.45 128 000 5.468 0.820 2.369 0.2735 166 480 4.840 0.762 
11.7 7.58 128 000 | 5.420 0.8175 | 1.697 0.1331 167 000 | 4.696 0.740 met 
9.93 5.50 128 000 | 5.354 0.821 2.876 0.4155 167 000 | 4.925 | 0.776 if t 
10.46 6.05 131 900 | 5.384 0.818 || 3.815 0.7465 167 000 | 5.048 | 0.784 
9.6 5 088 130 600 | 5.343 0.816 10.1 5.755 222 600 | 5.596 0.826 
8.75 4.195 129 560 | 5.298 0.812 9.26 4.82 223 200 | 5.560 0.8245 
7.81 3.33 129 040 | 5.246 0.812 8.41 3.942 223 200 | 5.518 0.821 
6.76 2.441 129 040 | 5.184 0.802 7.325 2.95 223 200 | 5.458 0.815 
5.76 1.753 128 780 | 5.115 0.798 6.41 2.238 222 900 | 5.400 0.8115 
4.895 1.257 128 520 | 5.043 0.7945 5.55 1.675 222 900 | 5.337 0.8105 (in 
4.22 0 8975 128 000 | 4.977 0.7735 4.96 1.33 222 900 | 5.288 0.808 
2.966 0.429 128 000 | 4.824 0.763 4.335 1.01 223 200 | 5.230 ( 8045 the 
1.571 0.1076 128 000 | 4.548 0.714 3.08 0.505 223 560 | 5.082 0.801 
2.321 0.2486 128 000 | 4.718 0.739 1.633 0.1348 223 560 | 4.807 0.7795 obs 
3.683 0.685 128 780 | 4.920 0.7775 2.42 0.3003 223 560 | 4.978 0.7855 
24.44 34.62 167 000 | 5.856 0.830 3.75 0.748 222 600 | 5.166 0.800 has 
31.59 167 000 0.842 24.5 34.97 222 900 5.982 0.840 
21.59 27.2 167 000 | 5.801 0.841 23.62 32.87 222 900 | 5.966 0.8445 
20.02 23 .39 167 000 | 5.768 0.840 22.0 28.73 222 900 | 5.935 0.849 li 
18.53 19 82 167 000 | 5.735 0.836 20.4 24.91 222 900 | 5.902 0.852 q 
17.05 16.60 167 000 | 5.698 0.8315 18.88 21.13 222 900 | 5.868 0.848 in 
15.44 13.61 167 000 | 5.656 0.8315 17.3 17.60 222 900 | 5.831 0.844 
13.52 10.23 167 000 | 5.598 0.822 15.51 14.02 222 900 | 5.784 0.841 
11.81 7.82 167 000 | 5.540 0.822 13.83 10.98 222 900 | 5.734 0.834 
10.71 6.357 167 000 | 5.497 0.818 12.21 8.50 222 900 | 5.680 0.830 
10.36 6.00 168 890 | 5.488 0.822 10.68 6.46 222 900 | 5.621 0.827 
In 
we 
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DISCUSSION 


Warren Jun. Am. Soc. (by well-planned 
program research indicated this paper; the author has obtained 
results which, without doubt, are valuable addition the present knowl- 
edge the characteristics flow pipes. The writer will make attempt 
evaluate the results, but will endeavor only comment the methods 
used measure the loss head the test section pipe. 

Differential manometers were used with the evident purpose obtaining 
large readings when the loss head was small. one assumes that the 
difference elevation the menisci differential manometer gives true 
measure the actual pressure difference which desired observe, and 
one bases his computations the usual formula: 


w— 
(in which the manometer reading; the specific gravity water; 
the specific gravity the gauge liquid; and the pressure difference under 
observation), the value which calculated will generally error, 
has been demonstrated previous occasion.” 
The magnitude the error any manometer reading depends the 
liquids and the form the menisci. The height rise liquid interface 
capillary tube may computed from the expression, 


which the surface tension expressed dynes per centimeter; the 
height rise, centimeters; the angle contact between meniscus and 


wall the tube; the gravitational constant; and the diameter the 
tube, centimeters. 


(a) 
Fic. 15. 


the menisci form Fig. 15(a) the error the reading zero, pro- 
viding the angle contact the same the two tubes. the formation 
shown Fig. 15(b) the reading, zm, smaller than Equation (12) would 

Madison, 

“Differential Manometers Investigated,” Civil Engineering, January, 1934, 30. 


= 
= 2 
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indicate amount not greater than which given Equa- 
tion (13), since each meniscus has effect which probably does not exceed 
that single meniscus capillary tube. the formation shown 
Fig. 15(c), the reading, zm, larger than Equation (13) would indicate 
amount not greater than 

specific case, consider the manometers used and described Mr, 
Streeter. The inside diameter the tubes was about mm. The liquids 
were acetylene tetra-bromide, and xylene, with surface tension values 
approximately dynes per cm. The gravities the solutions 
were about 1.3, 1.05, and Assuming the gravity water 
unity (that is, neglecting the effect temperature), the values may 
computed means Equation (18). 

The foregoing comments have shown that the error reading could 
vary from zero This error will correspond error the com- 
puted head, which and will depend the multiplication factor 


TABLE Error WHEN CoMPUTED FROM Equation (13) 


COMPUTED FROM 2m, 


Specific Multiplication Height Possible error Equation (13) 
centimeters centimeters 
centimeters feet 
(1) (2) (3) (4) (5) (6) 
1.05 5.03 10.06 0.0165 
1.30 3.33 1.68 0.503 
2.97 0.128 0.503 0.0165 


the manometer. Table which based assumption the value 
dynes per cm, and the value zero, indicates the possible 
limitations the manometer. 

obvious that the possible error the measurement the loss 
head does not depend the multiplication factor the gauge, but the 
diameter the tubes and the surface tension the interfaces. The pos- 
sible error may expressed Equation (14) when denotes the error 
the measurement which possible for any given manometer: 


which the specific gravity water assumed 1.0, and assumed 

zero. 

should not inferred from these statements that Equation (14) will 
give exact value for correction applied the computed loss 
head. There are too many important factors which have been neglected 
permit such simple method correction. For instance, the cleanliness 
the tubes controls the magnitude great extent. practice, found 
that the form the meniscus varies widely and hence the angle 
means constant. 
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The writer wishes emphasize the magnitude the error that may occur 
any one reading differential manometer. his belief that the 
water-air manometer best suited the type work described the author, 
and will give quite satisfactory results differential manometer using 
any liquid known him. must not concluded that any serious errors 
exist the research reported this paper. seems very probable that the 
wide the points Fig. for low values the Reynolds num- 
ber, may least partly explained attributing error the manometers. 
For the lowest head observed, 0.0265 Run the possible error 62%, 
but for.all heads 1.65 ft, more, the error less than per cent. However, 
the writer has found that the variation the readings from the value 
predicted Equation (12) seldom reaches the value given Equation (14) 
and probably averages about one-third this value. However, seems reason- 
able believe that, with the ordinary water-air manometer, one can obtain 
accuracy 0.003 water, which better than what might expected 
with the author’s manometers even when the values given Equation (14) 
are reduced two-thirds. 


regarding characteristics rough surfaces are recorded this paper. The 
method expressing roughness terms the equivalent sand size 
interesting and practical one, particularly Nikuradse“ has obtained excel- 
lent results the application Equation (10). further understanding 
the frictional resistance requires study the mechanism flow past 
the roughened surface. 

1931, the writer conducted series investigate the charac- 
teristics of, ultra-rough surfaces formed the concentric core annular 
section. Flow pictures particles and friction-factor 
determinations were made. Three views for different degrees roughness 
are presented Fig. which demonstrates clearly the totally different types 
flow existing for various groove dimensions, 

Fig. 16(a) illustrates conditions when the projections causing roughness 
are placed relatively close together.. whirl formed the grooves which 
prevents the flow fluid into these spaces; hence, this type roughness pro- 
duces only small divergencies from flow over smooth surface. Fig. and 
Fig. 16(c) illustrate the flow when the grooves are large enough allow the 
inflow fluid behind the whirl. For Fig. 16(b), the spacing projections 
minimum for this type, and hence gives maximum frictional resistance. 
Fig. 16(c) shows that the same flow conditions occur wider separations 
projections. Motion pictures these flows show successive formation and 
sweeping out the whirls vortices. Measurements indicated that maxi- 
mum friction when the depth the groove was about one-fourth 


Mech. Eng., Univ. California, Berkeley, Calif. 


Experimental Investigation the Phenomena Produced the Highly Turbu- 
Flow Water Past Series Sharp Obstacles,” Folsom, presented 
alifornia Inst. Technology 1932, partial fulfillment 

degree Doctor Philosophy. 


the requirements for the 
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the spacing, this relation holding throughout the investigated range 
relative roughnesses (ratio projection length length between walls). 
These and other photographs indicate that rough surface produces dis- 
turbances which spread throughout large part the flowing fluid, Contrary 
the author’s statement (under heading “Discussion Results: Roughness 
that, “this indicates that projection causes greater turbulence than 
groove,” the disturbance depends the shape the groove due its 


(a) (b) 
Fic. 16.—FLow ALUMINUM BRONZE 

trol the action the vortices. The whirl vortex formed has diameter 
the same order magnitude the depth the groove, but the size and 
shape the groove determines when the vortex will pass out into the main 
flow and dissipate its energy. the roughness becomes greater, the distur- 
bances increase with resulting increase energy dissipation, the latter being 
measured larger frictional drag. 


I 
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Experiments the University California with unsymmetrical projec- 
tions ultra-rough surface indicate that some cases the frictional drag 
very different, depending upon the direction flow. Thus, the characteris- 
shown Runs and being almost independent the direction 
flow cannot considered general. 

Table contains the author’s results comparison with those given 
British for wavy corrugated surfaces. Houghton’s experiments 


ide es 0.087 0.184 0.015 0.68 


were conducted 3-ft square wind tunnel with air the fluid. The value 
Table corresponds approximately Reynolds’ number 10°. The 
relative roughness the ratio groove depth pipe radius, equivalent 
dimension. Even the corrugation shapes and relative roughnesses differ, 
the author’s friction factors appear high. some measure least, this 
result caused the spiral motion the water, which the result 
the method making the artificial roughness. 

Although the author presents excellent brief account principal 
investigators the field, the writer believes the work Fage” should have 
been noted. This material includes pressure and friction measurements for 
surface composed pyramids. The ultra-microscopic method used study 
velocity distributions and turbulence. The magnitude the fluctuating veloci- 
ties was about 2.5 times those for smooth pipes. data show 
approximate check with von generalized velocity representations 


although the disturbances due the wall extend further into the flowing 


fluid with the rough surface. 


paper based extensive series experiments, clearly and completely 
reported, but excellent summary past work the same field. 
Perhaps the most noticeable omissions the author’s references are the 


work Stanton and Pannell™ and the extensive collection data pub- 
lished 


“Note the Velocity Distribution in. the Neighborhood Corrugated Sheet,” 
Prof. Mechanics, Ohio State Columbus, Ohio. 


Stanton and Pannell, Transactions, Royal Soc., Vol. 214 (1914), pp. 


Study the Data the Flow Pipes.” Emory Keml 
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unpublished study made the writer offered some sugges- 
tions for future experimenters, among which was the following: 


“The most fruitful field for experiment seems then rough pipes 
from in. in. diameter. has been that threading 
pipes the inside throughout their length would give very rough Pipe whose 
roughness could duplicated different diameters. The suggestion seems 
good, although opens the question, not considered this thesis, what 
size threads pipe would correspond given size thread 
6-in. pipe.” 

this study applies directly the subject of-this paper, and the 
results confirm many the author’s statements, is, perhaps, not out 
place offer brief summary. 

The thesis consisted study, the basis Reynolds’ number, the 
previously published data pipe flow that recorded the temperature. 
The principal part the data was that published Saph and 
which was afterward found had already been studied from the same stand- 
point Blasius.* 


14 


12 


exp 


Reynolds Lead Pipes 
Saph and Schoder's Gatvanized Pe 
Saph and Schoder's Galvanized Pipes XIX and XX 
Fenkell's 60-in. Cast tron Main 


The results the entire study are condensed into Fig. 17, which gives 
plotting against and corresponds the author’s Figs. and 11. 
The points for the brass pipes studied Saph and Schoder, represent 831 
separate observations pipes ranging from 1.5 in. 0.1 in. diameter 
and temperatures from 35.5° These observations were 
re-arranged the order the Reynolds’ numbers irrespective what pipe 


“The Water Straight Pipes,” Ralph Powell, Cornell 
Univ. partial fulfillment the requirements for the degree Civil Engineer. 
Transactions, Am. Soc. Vol. LXXVII (1914), 890. 
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10] | 
0.6 
0.4 
Log R 
17. 


POWELL FRICTIONAL RESISTANCE PIPES 


they were taken on, and averaged consecutive groups. (The only excep- 
tion was the critical region where cases which stream-line flow seemed 
persisting were kept separate from those which the flow was clearly 
turbulent.) Each point 2500 represents the average four 
five determinations, generally two three pipes. For higher values the 
number the group increased six and then ten; and between 
4000 and 40000, twenty. One these groups twenty 
taken random was found include runs eight different pipes, ranging 
diameter from 1.25 in. 0.10 in. The largest departure any these 
twenty values from the line that best represented all the runs was 3.6 per 
cent. The equation this line was found be: 


which agrees very well with Equation (6). noted the author, Saph 
and Schoder did not extend their tests value quite high enough 
show the upward curve the line, which was discovered later Stanton 
and Pannell and confirmed Nikuradse and others. 

The plotting Reynolds’ original experiments two lead pipes in. 
and in. diameter) was made the same way, except that each point 
represents the average only four runs. These experiments are interesting 
for two reasons: (a) They show that, compared with lead pipe even “smooth” 
brass pipe must considered having definite roughness; and (b) they 
show noticeably larger discrepancies from smooth line above the critical 
velocity and from Poiseuille’s formula below it, than the experiments Saph 
and Schoder. this connection the writer 1914, that “it 
worthy note that Saph and Schoder’s experiments prove Reynolds’ formula 
better than those himself performed and used derive it.” This all 
the more noteworthy because Saph and Schoder seem have taken little 
“stock” Reynolds’ work, and their results had been print for number 
years before the agreement was ever investigated. 

The five galvanized pipes studied Saph and Schoder seem fall into three 
definite groups far roughness concerned. Pipe XVIII (diameter, 
0.85 in.) was not much rougher than the brass pipes and each point 
Fig. the mean only two runs. the other hand, Pipe XXI (diam- 
eter, 0.35 in.) was extremely rough and each point Fig. represents the 
mean three runs. The other three pipes (diameters, 1.042, 0.626, and 
0.486 in., respectively) fall between the other two and differ very little among 
themselves. They have been grouped together, each point representing the 
average four runs. 

order check the methods for larger pipes the values for 60-in. 
cast-iron main given George Fenkell, Am. Soc. were reduced 
the same method and each point Fig. represents single run. Only 
the mean temperature for all the runs was given, but temperature has little 
effect this case, the curve nearly horizontal. Perhaps should 
noted that the slope the curve measures the influence temperature 
the friction head. Below the critical velocity where the slope one, the 
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resistance varies the first power the kinematic viscosity. Above the ctit- 
ical velocity where the slope is, say, one-fourth, the exponent 
tion (6) —0.25, and the resistance varies the fourth the 
viscosity; but where the horizontal, independent and 
change temperature has friction head. 

One other point may noted: All the lines drawn Fig. 
sect the point, 1162 and 0.0551 (log 3.0652 and 100 
0.7408). This agrees very well with the intersection the Blasius line 
with the stream-line flow line Fig. 11. Therefore, the lower critical velocity 
will always greater than 1162; the author states, generally 
about 

were true that all these lines were straight and radiated from 
single point, the formula would be, 


2 a-m 


which the exponent the velocity the ordinary exponential 
formula for friction head pipes, and varies from about 1.67 for lead pipe 
1.80 for wrought-iron steel pipes good condition. fact, this 
formula holds fairly well for all these pipes except Pipe for the range 
from 4000 100000 (and also, course, below the critical 
range where 1); but does not hold for higher values and, the 
author shows, formula can tell the entire story the case very rough 
pipes. The relationship between and complicated that only 
plotting, such Fig. 11, will 


discussion manometers, Mr. Wilson presents method finding the maxi- 
mum error for one reading. The scattering experimental results (Fig. 
11(a)) for values less than 10° can attributed, unquestionably, 
the manometers. Results and conclusions drawn from the 
paper were based friction factors for Reynolds numbers For values 
equal 10° and greater, losses head all cases, using rough pipes, 
were greater than 17.0 ft. stated Mr. Wilson, the maximum error for 
reading the manometer less than for pressure differences greater 
than 1.65 water: with solution specific gravity 
equal 1.05 was used for only few readings. Its action was sluggish 
that would frequently require min reach equilibrium: 

Recently, the writer has been using the micro-manometers described 
which are such way that air-water water- 
may used fluids. This arrangement provides for large 
pressure differences and high degree accuracy. 

Dr. Folsom’s investigation clearly shows the effect spacing roughness 
elements turbulence formation. new work based 
experiments made the Kaiser Wilhelm Institute for Fluid Research, 


Scholar, E., Karlsruhe, Germany. 
Ingenieur Archiv, 1936. 


presents simplified method obtaining friction factors for prac- 
tically any type reproducible roughness. The results show that the maxi- 
mum friction factor obtained with comparatively small density roughness 
elements. his paper, Schlichting also uses Equation (10) basis for 
comparing roughnesses. 

the roughnesses utilized the pitch 11.5 the inch was 
used. 2-in. pipe the angle between the groove and plane perpendicular 
the axis the pipe 48’. This slight divergence from circular grooves 
perpendicular the axis the pipe undoubtedly has some tendency 
increase the friction factor. writer the opinion, however, that the 
differences friction factors Table result from differences the shape 
roughness elements, which appears have much effect their size. 

Fig. 17, Professor Powell presents interesting study friction 
factor-Reynolds number relationships. Equation (15) agrees very well with 
the Blasius Equation (6). The friction factors for Reynolds lead pipes, how- 
ever, are low, resulting values much 25% less than for the brass pipes 
used Saph and Schoder. This variation for “smooth” pipes was not con- 
firmed Drew, Koo, and McAdams”, who determined that the friction factor 
for smooth pipes would not vary more than from Equation (8). This 
conclusion was, based study 1400 observations made several 
investigators various kinds and sizes smooth pipes. Determinations 
diameters smaller than actually existed the pipes would account 
for these differences friction factors. 
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STABILIZING CONSTRUCTED MASONRY DAMS 


MEANS CEMENT INJECTIONS 


The title this paper carries the implication many difficulties, which 
gratifying degree were surmounted the process described. 

scope the work embraced three principal gravity dams rubble 
masonry, faced with ashlar, aggregating length and ranging from 
190 height. These structures, situated the Western Ghauts 
India, about sixty miles inland from Bombay, 200 above sea level, 
have been use since about 1917 for the storage water for hydro-electric 
development under the available head 700 ft. recent years the increase 
seepage through and under the dams gave rise some apprehension 
their continued stability, and the remedy cement injections was pre- 
scribed committee consulting engineers. 

Accordingly, the paper describes the methods and results the borings 
and the injection 64000 bbl Portland cement into 380000 lin 
drill holes the three dams, working under full reservoir conditions. Inci- 
dentally, observation the process during seems pertinent the 
currently moot questions gravity dam design, the uplift 
and sliding influences, and reliance upon the usual assumptions 
monolithic structure. 


These reservoirs, all within narrow zone miles along the crest the 
Ghauts, are situated near the head drainage areas which develop streams 
flowing eastward across India into the Bay Bengal. The dams are the 
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means intercepting this drainage and storing the catchment from 
the annual rainfall from 150 250 in. precipitated during the monsoon 
June October each year. The reservoirs have carry-over capacity for 
equalizing any ordinary “failure the monsoon.” The water diverted 
westward through tunnels and penstocks two power stations the foot 
the escarpment where the operating head about utilized through 
impulse turbines for electric generation power supplying Bombay and 
vicinity. 

The climate tropical and frostless, with four months wet weather 
and eight months dry weather, each superlative degree. The country 
rock basaltic, commonly hard, heavy, dense, blue-gray lava formation, 
weathering black the cliffs, with relatively few fissures partings, but 
frequently having top crust porous and unsound formation. The top- 
soil the district origin, red color, and clayey texture; 
burns inferior brick, occurring irregular pockets the hills, allu- 
vium along the streams, thin deposits over the extensively bare outcrop 
the country lava. 

All the dams are constructed this native rock, quarried and shaped 
the several sites. The foundation rock the same character, with any 
unsound top crust presumably removed, although suspected that this 
lacked thoroughness some instances. general, the bed-rock and the 
rock component all the masonry may considered good, ranging from 
reasonably good the lowest dam, Walwhan, very good the longest, 
Shirawta, and exceptionally good the highest dam, Thokerwadi. 

The other elements—mortar and workmanship—were less satisfactory. The 
mortar, which peculiar Indian construction (known “surkhi 
was prepared according custom, wherein: (a) The local top-soil the best 
clay characteristics moulded and burned into crude brick: (b) the brick 
pulverized and mixed with due proportion grade lime which 
presumed have certain hydraulic properties; (c) Mixture (b) added 
the desired proportion sand (which these dams consists the pulverized 
rock the sites); and (d) the complete mortar ingredients are then ground 
together, with water, for least min. The grinding (Step (d)) done 
kind pug-mill which may stone wheel drawn through circular 
trough bullocks, or, large-scale operations, may motor-driven heavy 
wheel revolving steel trough containing the mortar mixture. any 
the resulting mortar handled subsequently the usual manner; 
sets slowly, ultimately attaining strength and hardness about equal good 
lime mortar brick masonry. Furthermore, the surkhi mortar has, some 
degree, the qualities hydraulic cement which promote its setting and 
hardening under water. 

The Hindu masons are adept with their crude tools cutting and shaping 
the small ashlar facing stones, and the stone setting the neat lines the 
structure also well performed; but derricks were used for stone setting 
these dams, and both the facing and the rubble the “hearting” were 
mostly “one man size,” lifted rolled into position. Therefore, may 
inferred that the stones were imperfectly bedded the mortar, the joints 
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incompletely filled, and the bonding was brief, was not 
high-grade job hydraulic masonry, although fairly well founded excellent 
bed-rock. 

The resulting seepage through the myriads porous joints tended 
increase, with some evidences leaching erosion mortar. Hence, the 
problem arose sealing the joints, fissures, and voids manner best cal- 
culated solidify the structure and stop leaks. The objectives set 
were: (1) Solidification, with assurance continued stability the dams; 
and (2) the reduction leakage the greatest extent practicable. was 
required that all work done under full reservoir conditions, uninter- 
rupted operation the two power stations (which have total 
100 000 kw). 

PLAN OPERATION 


From the beginning was recognized that controlling factor would 
the progress boring. Therefore, ample equipment several types drills 
was provided and program use was outlined for the Shirawta Dam. 
This structure was most urgently need attention and the proposed work 
was most extensive—probably exceeding the work the other two dams 
combined. 

Electric power was the first requisite and was provided from Company 
lines through few miles branch line terminating sub-station 
one end the dam. three-phase transmission T-rail poles 
100-ft intervals fixed the top the dam and clamped the parapet for 
the entire length the dam 600 ft), served for the operation the water 
pumps, the electrically operated drills, and other small motors. 

Air compressors, the electric-drive, stationary type, units about 
300 free-air capacity, were installed conveniently below the dam and 
served for the operation from four eight pneumatic hammer drills and 
variable number the air-driven cementation pumps. Occasionally, air was 
used for cleaning, testing, and pumping water. 5-in, water main the 
up-stream parapet extended one-half the length the dam, continuing 
3-in. line the far end. 

The 5-in. air main was laid along the ground the toe the dam for 
mile, continuing 3-in. pipe the remainder the way, with 3-in. 2-in. 
branches the top the intervals 200 400 ft. Nine “per- 
cussion” (pneumatic hammer) drills were used intermittently. Twelve 
electrically driven drills, cutting with steel shot, were used for all 
drilling. 

All the cement pumping equipment was actuated compressed air, and 
was built for high pressure, but was used for pressures less than 100 per 
Four these horizontal pumps were double-acting with 3-in. plungers; 
eight others had 2-in. plungers; and all them had steel ball valves arranged 
for convenient detachability facilitate cleaning away encrusted cement 
frequent intervals. The valves all cement pumps, and the safety valves, 
were steel balls, steel seated; and they were very satisfactory opera- 
tion, with only moderate wear and replacement, dressing the removable 
seat rings. 
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Electrically driven centrifugal pumps were used for the camp water supply 
and for maintaining pressure 100 per in. the water main the 
dam serve all drilling and cementation operations. Each the cementa- 
tion pumps required two mechanical mixing tanks (diameter, in.; and 
capacity, ft) for the various grout mixtures, with platforms for cement 
handling and with storm shelters during the monsoon season. These units 
from two four cement pumps, with accessories, were installed inter- 
vals 600 along the top dam, with air and water connections. They 
were supplied with cement over narrow-gauge track (2-ft) steel ties 
running the length the dam and the incline, with power hoist, from 
eement storage and repair shops below the dam. 

machine shop with the usual equipment, lathe, drill press, shaper, and 
other motorized tools; blacksmith shop; drill sharpening outfit, with oil 
furnace and temperature control for the accurate tempering steel; electric 
repair shop; carpenter shop; pipe fitters’ shop; small stone crushing plant 
for making fine sand; store house for the large supply imported fittings 
and special repair parts (for the upkeep machines coming from Europe 
America), all were needed and provided for making apparatus and for 
maintaining good working order. 

camp for 500—officers, mechanics, and coolies—was constructed, Indian 
style, corrugated galvanized-steel sheets teakwood pole frames. The 
floors were concrete and the roofs were covered with grass for heat 
insulation. 

The contract for this work was awarded the Francois Cementation Com- 
pany, Limited, Doncaster, England, which firm detailed force twenty- 
‘one engineers and foremen direct operations and train the local labor. 
The work progressed three daily shifts, first Shirawta Dam, October, 
1931, May, 1933; then Walwhan and Thokerwadi Dams, November, 1932, 
April, 1934. 

OPERATIONS 

Spacing Borings.—A cross-section Shirawta Dam (Fig. shows 
the position the several series borings. was first importance 
determine experiment the spacing drill holes which would best serve 
for the diffusion cement grout throughout the mass masonry. Prelim- 
inary assumptions were that the dam was porous that its mass could 
“impregnated” with the grout from borings apart; or, least, that 
water-tight cement curtain cut-off might placed through such borings 
50-ft intervals lengthwise the dam. 

The first 500-ft length dam was drilled under this assumption, the holes 
being bored vertically from the top the dam from the water face and 
penetrating into bed-rock foundation. Simultaneously with this series 
top holes, series toe holes (termed the and Y-series) was drilled 
from the ground the toe the dam, with the same spacing interval, but 
staggered between the positions the top These toe holes were designed 
act first “relief” holes while injecting the opposite top holes under pres- 
sure, and, afterward, themselves injected they failed filled under 
pressure from the upper holes. 
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The plan was attractive, but was not fully successful, will dis- 
under “The Cementation Process.” Consequently, the spacing pri- 
mary borings was made 12} ft, longitudinally, beginning about from 
the water face the top the dam and drilling either vertically 

incline down stream bed- 

rock. The drilling was then 

the bed-rock, according indica- 

tions hardness rock, fissures, 

loss drill water, and suspicions 
“ground leaks” that appeared 
the toe the dam. Even 
with this spacing was found 
impossible inject grout, ‘or 
water, trace the color from 
fluorescein dye throughout the 
intervening mass masonry 
which would connect with all the 
leaks seepage showing the 
down-stream face. 

Close the cem- 
entation progressed was even- 
tually proved that close drilling 
was indispensable for both the top 
and the toe series holes; hence, 
the spacing for secondary holes 
was made ft; and, with the 
following tertiary, quaternary, 

and special intermediates, the 
all series became 2.1 length- 
wise the dam, shown Table (Item No. and Table This 
experience applied only the systematic location borings throughout the 
length the dam. The location holes for intercepting and sealing 
the several large isolated and persistent leaks was separate problem for each 
case, requiring special position, direction, depth, methods treatment, 
hereinafter described. 

This drilling experience, with the accessory cementation process, tended 
confirm original opinion that the degree success solidifying the 
dam cement injections through borings, would proportioned directly 
the number borings symmetrically placed within the ground plan the 
structure. 

Definitive efforts were made intercept the path 
obvious leakage borings begun directly over the assumed path, 
inclined various angles. These borings were aimed cut the path, 
any manner estimated provide for forcing cement grout 


Primary Vertical 


int 
the 
=— 
Iten 
1 
1 


STABILIZING CONSTRUCTED MASONRY DAMS 719 


into the fissure, crack, void that seemed the source the observed 
leak. 

Most such efforts failed, due the obscure relation between the outlet, 
the inlet, and the course these sluggish types seepage small leaks. 
Effective boring connection with such leaks seemed purely fortuitous, 


Item Description Shirawta Walwhan Thokerwadi 
No. Dam Dam 
Maximum height dam, feet, above bed-rock......... 132 195* 
4 | Maximum depth of boring, in feet.............0+000+ oe 149 107 230 
5 | Maximum depth, in feet, bored into bed-rock . dbetansansa 45 64 44 
6 | Usual depth, in feet, bored in bed-rock...............+.- 10- 10 10 
7 | Number of holes that penetrated bed-rock for 20 ft.. or more. 29 35 30 
Area, thousands square feet, longitudinal section 
from the crest of the fall to rock. 555.1 275.0 116.0 
Average spacing, feet, all holes, measured along 
Maximum quantity cement retained any boring, 
77.4 16.7 115.45 
12 | Average loss of cement vented through open joints, in 
tons per boring; all series. . 0.34 0.05 0.10 
13 | Average cement retained in the dam, in tons + per boring. . 1.16 0.72 16.00 
Average cement retained the dam, tons per linear 
15 | Average cement retained i in the dam, in tons per any = 
16 | Average ratio of cement to masonry, ‘by Pee 0.004 0.0045 0.0073 
Total Leakage Through the Dam, Cubic Feet per Second: 
18 After treatment......... 2 1 0.25 
19 | Percentage improvement by cementation................ 91 90 94 
Item No. 22....... 472 300 
22 | Length of apillway, im feet... ....ssccccsccccosscocceses 1 000 1 100 500 
Estimated solids solutions of-soda silicate and alumina 
sulfate injected under 80-lb. pressure (in twenty-five 
24 | Estimated solids per boring Ti 
Working time, thousands hours drilling........... 54.4 29.7 25.2 
Over-All Costs per Linear Foot of Boring: 
Plant and equipment, allowing 20% salvage........... $0.29 $0.91 
28 Sundry stores and supplies. ............ 0.31 0.21 0.77 
Labor, including foremen, office expenses, etc.......... 0.83 0.48 1.32 
Materials, mainly Portland 0.33 0.17 0.96 
Supervision (contractors and engineers)............. 0.54 0.35 1.20 
Total cost per foot dams $43 $128.50 


$63 
Total cost, each dam........ $481 300 $194 $219 100 


Middle section, from Station 650 Station 450. 
Long ton = 2 240 lb. 


Considering that the first proposed 50-ft spacing holes involved driving 
the grout through masonry interstices least lengthwise the dam, 
when the cross-wise distance free outlet was much less—and that the 
probable shrinkage cracks would lie cross-wise rather than lengthwise 
the structure—there was logical basis for the hope constructing con- 
tinuous curtain cement through borings apart lengthwise. 

will understood that this drilling and the accessory cementation 
were performed for the most part while the reservoir was full, nearly full, 
water. The resulting pressure against the dam maintained the observed 
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seepage and leaks, and tended drift the drilling water, well the 
cement grout, toward the land face the dam. The escape the water 
face, through the shorter distance, however, interfered most with the process 
cement injection. 


TABLE CHARACTERISTICS OPERATIONS THREE 
Description Walwhan 


Dam North South Middle 
section section | section 


Specific gravity trap-rock foundation and 


Weight, pounds per cubic foot, composite 


—- rate of drilling, in feet per hour of drilling: 


Over-all rate of drilling, in feet per hour of drilling: 
Average consumption of steel shot, in pounds per 
Average spacing all borings, feet, lengthwise 
Portland cement: Average consumed tons* per 
Portland cement: Average tons* per 0.34 0.05 0.04 0.02 0.10 
ortland cement: Average retained, tons* per 
Portland cement: Average retained, in tons* per 


The long ton 240 Ib. 


Character Drilling—For training the Hindu drill-runners, work was 
begun with the air-hammer drills tripod mounting the toe the dam 
for the X-series holes. shown Fig. these holes were projected 
intersect bed-rock the upper and lower limits the middle third the 
base the dam and then penetrate the rock minimum ft. The 
Y-holes were drilled consecutively with the X-holes and aimed upward 
penetrate within the water face the dam. year later (spring 
1933), the finishing touch, the Z-holes were drilled, from traveling 
stage, 5-ft spacing, penetrating the directions shown, within 
the water face (see Fig. 1). 

Soon after beginning the the hammer-drill runners acquired 
cient skill undertake the deep vertical holes from the top the dam. The 
tripod mounting, set timber triangle with steel shoes, prevent punctur- 
ing the pavement, was used most the time, although stanchion mounting 
was made the local shop and used with good effect speeding the 
changes drill rods. This device might easily improved and standardized 
for use lieu the tripod similar situations. 

first, this top drilling was done one set-up finish 
rock; then the “stand-pipe,” grouting connection wrought-iron 
pipe, long, would caulked and cemented the collar the 
hole, with standard pipe coupling the top. Later, was found that 
more secure setting the pipe could made first drilling the hole only 
the depth needed for the stand-pipe, then cementing the pipe firmly 
place, coming back hr, more, later, and drilling through the pipe the 
bottom the hole. 
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With accurate bit sharpening and gauging was frequently feasible 
drill all the way from the top the bottom 80-ft hole with 
bit through the 2-in. pipe collar. 

became general practice drill through the 2-in. pipe any depth 
less than about 130 ft, using the bit with changes 10-ft rod lengths 
until bed-rock was reached. Then the bit changes might every few 
inches depth and the gauge the bits would stepped down mini- 
mum in. This practice was feasible first, because the relatively easy 
ground rubble masonry surkhi mortar, and, secondly, because 
the good drilling equipment and skilled management the labor. Particular 
mention should made the special type drill rod provided the con- 
tractor for use with the drifter machines. These rods were round hollow 
steel, upset diameter the ends for connection with square 
threaded and shouldered nipples the same outside diameter, which were 
tightened rotation opposite the drill rotation. 

The rods were supplied even 10-ft lengths, with sufficient number 
2-ft and 5-ft lengths, facilitate changes depth. Bits cruciform 
pattern were found best for the local ground. 

With this outfit rods was feasible drill easily depths 150 
with few delays and little breakage wear the nipple couplings, which 
were controlling feature. speed, this air-hammer drilling was from two 
four times faster than core driling with shot bits the same ground (see 
Table 2). 

The cutting both types drill was faster and easier this surkhi 
rubble than would the case well made Portland cement concrete the 
same stone aggregates. Nevertheless, many the individual rubble stones, 
shown tested cores, were heavy, hard, and tough the bed-rock 
itself. The average toughness, however, was less and the combination with 
the rather soft and brittle mortar made possible for both types drill 
maintain good clearance and rapid cutting, with only occasional raveling 
caving the hole jamming the bit cracks fissures. 

Core core drills were excellent, heavy, electrically-driven, 
machines using rotary shot bits. first, was assumed that these drills 
would used for all top-hole, deep drilling; but the hammer type drill 
“walked away” from the rotary speed cutting that there was ten- 
favor the use the hammer type. This tendency was disapproved 
when came drilling the thin section Walwhan Dam, and all drilling 
closely spaced finishing holes where the vibration the hammer drilling was 
suspected shattering the weak masonry, interfering with the setting, 
hardening, and preservation the films cement previously injected 
through adjacent borings. 

The progress the core machines was advanced first improvements 
the rod-handling derricks and the skill acquired the operators. 
Greater improvement was made substituting smaller bits these core 
machines. first, the borings were made with 4}-in. bits, requiring 5-in. 
flanged stand-pipes the collar for grout connection. 
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This waste effort and materials was corrected use 23-in. (outside 
diameter) bits, recovering 2-in. core and requiring only standard 
stand-pipe with coupling. advantage was realized from the borings 
larger diameter for cementation purposes. Hollow rods 10-ft sections, and 
with excellent couplings, were used. Sludge tubes were used only with the 
larger bits and core barrels. 

quite extent the core without derrick, were utilized for 
starting holes advance for both types drilling. The swiveling head 
the core drills facilitated starting, drilling completion, the inclined holes 
which became important feature the work Walwhan Dam. 

general, there was good recovery core for determining the composi- 
tion and weight the masonry and the bed-rock. The proportions rock 
surkhi mortar proved average about 60% rock 40% mortar. The 
mortar was firm enough permit good cores recovered although not 
large proportion rock. Diamond drilling was not considered 
suitable for this ground. 

Test Borings.—In the routine work practically all borings became test 
holes sort: First, revealing the nature the local top crust and 
indicating the length stand-pipe needed for reaching solid ground which 
would not lifted the grouting pressure; next, showing the depth 
which partial total loss the drilling water would indicate crack 
fissure which must have special attention the cementation follow; and, 
entering bed-rock, the occasional loss water (and always. the change 
cutting speed, the character and color the sludge, and the general “feel” 
the ground) would confirm the height the dam that point and develop 
profile the foundation, which there was authentic record. 

The and holes served test the outside shell masonry and 
were useful showing the degree which the dam was saturated. With full 
reservoir, the structure was mostly saturated from the bottom within 
the lake level, but the toe the depth which the drill would 
tap water sufficient fill the boring maintain spouting flow from the 
“stand-pipe,” varied greatly. Such penetration water from the down-stream 
face varied from ft, but commonly was about ft; the flow seldom 
from beyond that depth, except the vicinity bold leaks. 

Penetrating the structure from the top, the depth which drill water 
would lost varied from about ft. Usually, occurred all, 
was about above bed-rock rather than immediately the rock 
This latter experience, applying all three the dams, confirmed 
the judgment that, general, the dams were well seated water-tight 
contact with their foundation rock. The few exceptions this general rule 
were the vicinity the several serious “ground leaks” appearing the toe 
the dam, will further described. The borings from the top were 
utilized for testing with compressed air, suggesting bubbles rising the 
lake the approximate position, depth, and size the connecting joints 
cracks. the more open ground the air would show the joints the 
down-stream face. 
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Next air the most searching test was fluorescein dye solution the 
water pumped into the boring under the approved grouting pressure— 
per in. This vivid green color, derived from teaspoonful, 
less, the red powder dissolved pail water, would show face 
joints the boring pipes from min. about hour, and 
distance from 100 away, according the size and direction 
the connecting passages. 

Either all these tests were useful some degree for determining: 
What mixture, pressure, and quantity cement grout would required 
for given boring; (b) whether wastage under water and into the lake was 
beyond control; (c) whether wastage through the down-stream joints pipes 
could stopped caulking; (d) the use sand mixture might 
anticipated. 


4 


ocular inspection was made few borings Thokerwadi Dam 
means “periscope” devised for the purpose. This consisted two mirrors 
set 45° opposite opening the side galvanized tube, with 
lamp suspended between the mirrors (see Fig. 2). With this tube 
lowered the light cord into the boring the illuminated side the boring 
was reflected the top the upper mirror, giving good picture (the 
obverse the core), with view cracks and void spaces, down depth 
about for the naked eye and about with the aid binoculars. 
The device would more valuable with better equipment and 6-in., 
larger, borings. 

the primary work the drilling got well ahead the cementation process 
which, the work progressed, tended modify the drilling program and 
introduced, among other questions, the arguments for and against cementa- 
tion “stages” depth hole. 
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Valuable data pertaining the boring operations Shirawta Dam, from 
October, 1931, May, 1933, may summarized, follows: 


Total linear feet percussion boring................ 172578 
Total linear feet shot boring 
Total linear feet, all 206 529 
Shot Used: 

Average, pounds per linear foot boring........ 


Average Over-All Penetration Speed, Feet per Hour: 


Total Consumption Equipment Materials, Linear 
Feet: 
Core barrels 430 


The percussion rods used the work were in. diameter, weigh- 
ing per lin ft, with nipples. The percussion (X) bits were in. in. 
diameter, weighing per lin ft. The shot rods were in. outside diam- 
eter, weighing per lin ft, with couplings. All threads were square, with 
pitch in. Fig. depicting the borings between Sections and 
(500 ft) Shirawta Dam, demonstrates graphically. the extent drilling 
required. the top holes are shown, the and series toe holes 


being omitted. 


CEMENTATION. 


The numerous questions arising the beginning operations were 
resolved successively experiment the work progressed. Questions 
the character cement used, its strength and periods setting, its 
proper mixture with water, the feasible mixtures with sand, the manner 
application, the pressures for safe application under the varying conditions, 
the sequence boring and grouting, the control waste due cement 
escaping out sight under the lake level, out the down-stream face 
joints which might be, perhaps should not be, caulked, the effective handling 
the machinery, and the setting system and routine which could 
entrusted the available such questions, depending 
for answer trial, observation, and discriminating judgment, came up. for 
decision. 

Incidentally, critical observation was directed questions foundation 
security, the ascertainable influences the grouting pressures toward the 
uplifting effect, with its locality and extent, and the general question 
gravity dam design and some the assumptions that science. 

Character Cement.—Since Indian brand Portland cement was 
available, which possessed modern standard qualities, there was little thought 
using anything else. There was some debate desirable fineness and 
setting time the cement for such use, but experience that 
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straight Portland grade cement average setting time has the requisite 
qualities, particularly hardening place the presence excess 
water. 


100-ft Stations Measured from South End of Dam 
35 36 7 38 39 40 


Top of Dam 


Presen 


Depth in Feet 


Throughout the job this cement never failed eet with sufficient prompt- 
ness and develop hardness place the dam, under water, the lake 
bottom, the ground below the dam, from slop-over waste through ‘the 


726 STABILIZING CONSTRUCTED MASONRY DAMS 


joints, and all crevices where was injected. The degree ‘hardness and 
strength attained was proportional general the pressure placement 
with accompanying extrusion water. This was shown clearly the 
superior density cored specimens from the drills the lower levels where 
the primary injection pressure-had been maximum. 

There was conflict with the cement-water ratio law strength, and 
was understood that the excessive use the water vehicle for grouting 
involved sacrifice strength; but strength cement this work not 
the prime requisite. The object stop the cracks and fill the voids with the 
heaviest durable material that feasible for delivery and solidification 
place. 

Toward the last, attempting stop the residual seepage where the 
regular process had not been fully effective, the standard cement was put 
through bolting screen 150-mesh wire cloth trial run. There was 
barely, perceptible benefit from this removal all trash, lumps, and coarser 
bits clinker, and seems probable that for cement injections into 
tight ground some better efficiency may attained the use extra finely 
ground and resifted cement—with due precautions against its flash setting. 

Grouting question widest discussion and experiment 
the suitable mixtures water and cement. Proportions were 
specified percentages weight; but for convenience handling both 
the water and the cement were measured bulk when combining them the 
mixing tanks. 

Cement was purchased the long ton (2240 and delivered jute 
bags (112-lb) content. Approved mixtures ranged from 
cement 100 parts water, weight), tight ground, much 150% 
(1} parts cement part water) open leaky ground masonry. The 
practice was start all holes with thin mix and progress the heavier 
mixtures the widely varying conditions demanded. 

Ordinary practice primary holes Shirawta Dam required starting 
mixture per cent. Thokerwadi, the more open masonry the 
middle section, the holes were started with mix and progressed one 
100% part cement part water) after few hours, according 
weep-holes. the final series holes all dams the thinnest mixture (1%), 
would frequently rejected first, but, general, these final tight 
holes would run for several hours taking mixtures under maximum 

none the dams was the mass the masonry sufficiently open 
permit mixture even the finest sand the grout. The ordinary porosity 
intersticial spaces the masonry were not interconnected large enough 
accept any solids coarser than the cement flour suspension, and, fre- 
quently, even clean water dyed with fluorescein would not penetrate 
showing color distance more than few feet from the hole under 
the pumping pressure. 
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The large use cement Shirawta Dam was the numerous definite 
cracks, joints, leaks, and relief holes through and under the dam, and was 
this type structure that the heavy mixtures cement were required 
combination with the prepared sand, graded through 20-mesh sieve. The 
further complication leakage and wastage grout into the lake, through 
the masonry joints connecting with the holes under the injection pressure, 
times made the sand mixtures imperative. 

Methods was originally proposed install the cement 
pumps two batteries, each six pumps each end Shirawta Dam, 
miles apart, for delivery grout through 1}-in. pipes all 
borings the top and toe the dam. 

The actual beginning was made with group four pumps set the 
cement shed near the toe the dam below the top, with grout delivery 
the top and toe holes, through 1-in. pipes under pressure the top 
the dam (see Fig. 4). 


J. % 
3 


was soon realized, however, that difficulties would encountered 
regulating the pressure the borings, and that incrustation cement 
pipes and pumps was factor that militated against distant and indirect 
delivery. Hence, the plan was adopted for setting the pumping plants 
600-ft intervals tandem position against the parapet, occupying about 
one-half the 12-ft top width the dam, leaving room for drilling and trans- 
port operations. This plan was applied similarly the other dams, giving 
close regulation all pressure grouting, whether the top the toe 
borings. Portability these cementation plants was required for the succes- 
sive series borings the same ground, and this was readily achieved 
shifting the several units pumps, tanks, stages, and accessories the small 
flat-cars used for cement transport the narrow-gauge track—the water, 


air, and electric connections being ready for repeated use each 600-ft 
station. 
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Each such plant consisted two 3-in. plunger pumps and two 
plunger pumps set opposite ends double stage, wide, high, 
and long, which the cement bags was stocked for mixing first 
through 90-gal tank the stage and then through similar tank 
floor used for the pump suction chamber. 

The cement stage and tanks were enclosed during the Each 
tank, in. diameter, was equipped with stirring paddle two heights 
vertical shaft and geared countershaft with sprocket connections 
for operating the upper and lower tanks together from electric engine 
under the stage. The prescribed portions cement were measured boxes 
and dumped through coarse screen into the upper tank. The paddles being 
continuously rotated, served for good preliminary mixing this tank, which 
was discharged into the lower tank through screen perforations 
made tight around the edges prevent any lumpy fibrous material from 
the pump suction. 

The grout from the pumps was delivered the borings through 1}-in. 
wrought-iron screw pipe for the 3-in. pumps and 1-in. pipe for the pumps, 
each pump having individual suction and delivery connections avoid the 
clogging and stoppage incident interconnection with other pumps. Flexible 
connection with suitable hose and couplings was provided both the pump 
and the boring ends the grout ranges. each boring connection with the 
stand-pipe the hole there was placed lever type safety valve with 
adjustable weight for blow-off other prescribed, pressure. This 
safety-valve connection was also applied the top the dam the toe 
holes, which likewise were treated from the pumps top the dam. 

Other fittings the boring intake included stop-cock the stand-pipe 
above which 4-way fitting provided the grout intake one side. blow- 
off relief valve was the opposite side, with the safety valve above 
“tee” the grout intake, while provision for feeding sand into the 
grout stream was made the top the 4-way cross. 

sanded mixture passing through the pumps was inadvisable for obvious 
reasons, other methods were devised for introducing sand the limited 
extent that was found beneficial. When sand was used was practically 
all connection with stopping the leakage grout into the lake from the 
top holes, wastage into ground leaks from the toe holes. either case 
the sand could run small continuous stream, handfuls, through the 
open-top 4-way fitting into the grout stream from the pump—falling freely 
into the top boring into the down-pipe delivering toe boring. This 
process might continue for several hours until the gravity head would build 
the overflow level the fitting, when the sand dosing would stopped 
and the pump pressure applied the neat grout stream only. 

some the worst leaks the lake method was devised for deliver- 
ing sanded mixtures gravity head from two the regular mixing tanks 
set trestle above the top dam. This proved quite satisfactory 
within short ranges delivery pipe, but was not effective for general use 
the clogging the pipes and the fittings) and was 
favor the method first described. some the larger leaks, furthermore, 
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there was resort single-drum grouting machine, which hap- 
pened available, but under all the local conditions this method was not 
flexible, controllable, and effective the straight pumping for the neat 
grout and the combination the pumping and gravity delivery for the 
sanded mixtures. 

Suitable Injection degree pressure safely applicable 
this peculiar masonry was matter for trial and judgment. 

was undesirable forcibly replace any the weak surkhi mortar with 
new and better cement, even had this been practicable the section dam 
shown, with full lake static pressure against one side, atmospheric pressure 
the other, and the injection pump between. 

was not desirable apply disrupting pressure the process 
cementation, but was desirable take advantage the most effective 
pressure for driving the cement-laden water into the smallest passages con- 
nected with the borings and for expulsion the excess water while compacting 
the cement all accessible interstices. 

With the perfectly controlled pumps, delivering through adjustable safety 
valves, mentioned, was possible (guided the drilling log the hole 
and the previously described tests) fill the hole with the starting mix- 
ture and gradually build pressure about which there was 
little danger any harmful effect. 

number early trials was found that full air-line pressure 100 
per in. seemed harmless, yet, apparently, more effective for 
injecting greater weight cement. Other trials pressure greater than 
per in. produced some signs distress, such slight upheaval 
the top pavement, slight displacement the facing ashlar masonry, exces- 
sive leaks the lake, excessive discharge into relief borings. From these 
trials, and the general sense caution, the limiting pressure per 
in. was adopted for all three dams with few special exemptions under 
personal observation where per in. could harm and might 
some help—but was never proved that results were any better with pressures 
greater than per in. 

This regulation pressure was applied the normal conditions where 
borings could filled with the approved starting mixture under pressure. 
the very leaky ground there were many borings that could not filled 
and, therefore, required along with varying mixtures, includ- 
ing sand, until became possible staunch the waste into the lake toward 
the down-stream face the toe the dam. 

was this latter class borings that the principal difficulties were 
encountered, particularly the numerous cases where was impossible for 
time tell where the grout was going how keep the wall; and, 
hence, tendency was developed persist for hours, days end, 
pouring thin grout down hole, siphoning through the pump and falling 
freely into the boring. 

Sequence the first was question whether 
grout the primary holes consecutively skip one more holes 
isolate the areas under pumping pressure. Furthermore, was question 
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whether grout the top holes first with the toe holes open for “relief” (if 
relief were needed), vice versa; and whether grout the top (vertical) 
holes separate stages depth, from the top down, “seal” the 
restricted horizontal zones the dam all the way down bed-rock before 
sealing the central and toe areas. was argued some that there was 
danger inducing uplift the heel such threaten the stability the 
structure the grouting was begun the toe. 

The first section 600 dam became the laboratory for testing these 
questions. The conclusions reached were that: (1) Isolated grouting effected 
benefits; (2) toe holes appeared unnecessary and ineffectual for relief; 
and (3) the only advantage “stage” injections was realized when the leak- 
age from the boring was great that the pump could longer deliver 
the grout fill the hole and build the pressure. 

Conclusion grouting proved no. benefit; rather, 
interfered with economy, and showed some tendency hinder the flow 
grout from subsequent holes. The method maintaining the forward side 
the borings always unobstructed previous grouting, was deemed most 
satisfactory. 

Conclusion (2).—Toe holes seemed more useful for the initial grout- 
ing bed-rock and the bed joint. This plane (the bed joint) was intersected 
the third points the base, shown the cross-section, Fig. 
cidentally, and without appearing induce the base, other 
objectionable stresses within the structure, the earlier grouting through these 
toe holes tended produce container for the upper grouting sealing the 
base and the lower zone face-joints. Caulking was indispensable this 
matter, making for the retention cement the wall, permitting the escape 
excess water the grout, and preventing the excessive waste cement 
the ground below the dam. 

Conclusion (3).—The only advantage “stage” injections was cases 
where the leakage from the boring was excessive that the pump lacked the 
capacity deliver the grout fast enough fill the hole and build pressure, 
The great disadvantage was the delay, expense, and interference with 
orderly progress. Consequently, the stage system was not employed when 
pumping capacity was available for initial pressure the hole, was 
adopted systematically two instances, however; First, Walwhan Dam 
where the thin top section (20 high) had grouted under lower 
pressure than was required the base section; and, second, Thokerwadi 
Dam (190 high) where the upper measures were concrete and the lower 
measures loosely built rubble masonry, requiring different and separate 
treatment. 

Conclusions (1) and (3) were confirmed all subsequent experience 
the three dams. Conclusion (2) was modified further experience 
Shirawta places where the lower face-joints were relatively tight. 
was found expedient, such places, first, grout the top holes and thereby 
some degree form curtain cut-off the up-stream portion the 
dam from top bottom. This was the preferred method when the cement 
could retained the dam. 
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localities where the leaky fissures and joints permitted excessive waste 
cement through passages that could not caulked, however, was neces- 
sary first seal such vents grouting the base and lower measures the 
dam through the toe holes. Consequently, the “top-toe” precedence became 
question expediency, with change sequence meet local conditions, 
which the apprehension uplift appeared not justified any detect- 
able symptoms. 

Induced throughout the work, with test- 
ing pressure gauges, stand-pipes, and stop-cocks, revealed 
transference transmission the pump-injection pressure through the body 
the masonry between adjacent holes. There was occasional, perhaps 
through more less definite cracks jointing planes. Furthermore, there 
were many instances which the thin grout traveled some distance and 
appeared face-joints from the borings when under injection 
pressure. 

many cases with toe holes being injected, the adjacent—or, frequently, 
the alternate—hole would become filled with grout under nearly undiminished 
pressure, that with stop-cock the companion hole the diffusion grout 
would completed within the area influenced the several holes. 

the larger leaks and the case ground leaks, the other hand, 
interconnections that occurred transferred the injection pressure, even the 
low gravity pressure, through considerable length duct, not over 
extensive area. general, however, there was such spread pressure 
along jointing planes from borings being injected would result menace 
the stability the masonry. 

Exceptions this general rule were noted the special situations where 
“ground leaks” Stations 6.5, 17.0, 30.0, and 34.0, Shirawta 
Dam. these special cases the routine system was modified include many 
additional borings and devices for throttling the gushing leaks gradually 
while aiming avoid dangerous intensity and areas applied pressure. 

Routine holes were drilled well advance 
the grouting that the latter process, given series borings, could 
advanced the consecutive manner, with the forward breast the dam 
free possible for the infiltration grout. The first move would wash 
out the one more holes injected, making sure the removal all 
drill sludge subsequent ravelings, down the bottom every hole, with 
tolerance ft, ft, where complete clearance was difficult. 

There was tendency for these borings accumulate sediment after 
standing some time, even when they had been plugged the top after the 
drilling was completed. The drilling log would studied for indications 
loss, inflow, water, which study would supplemented the air, water, 
dye tests required, all having the effect cleaning the walls the 
boring and flushing out any cracks fissures that would serve conduits 
grout into the masonry. Usually, leakage test would applied 
measuring the rate inflow under gravity head from the top the dam. 
This rate varied from gal per min, more. 
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The top fittings, stop-cock, safety valve, blow-off, and the intake for sand, 
would then placed, and the grout connection made. One tank clear 
water would through the pump, expel the air, fill the boring, and, 
tight ground, initiate the pressure, although most ground primary 
tertiary borings the total delivery the pump gal per min would 
fall down the hole without producing pressure. 

The addition from cement the water first would 
sometimes initiate, say, pressure the top and this 
would considered satisfactory working pressure for half hour, half 
day, according the “feel” the ground. There was always the danger 
choking the hole and sacrificing the penetration the finer connecting 
fissures too much cement, too much pressure, too much speed delivery, 
Therefore, the vigilant regulation mixture, pressure, and speed pump 
was required continuously, 

For safety, the rule was: doubt, continue the thin mix and low 
pressure.” Consequently, the operating foreman tended always produce 
tenuous mix and low pressure, pressure. The high record for this 
cautionary state mind was the “injection” one the primary holes 
pumping the mix the intake fitting and letting fall down 
the hole nearly continuously for three weeks before the grout clogged and 
became subjected pressure. Afterward, was discovered that much the 
cement had accumulated and set hard flat cone the bottom the lake 
against the dam. somewhat less flagrant case caution occurred the 
opposite side the dam boring that consumed nearly 100 tons cement 
during week pumping mixture from 100 per cent. Most 
this cement was accounted for later trenching the rock spoils below the 
dam where fairly good grade concrete had been secretly produced 
the infiltration method. (See Table for estimated losses cement.) 

Much experimentation was devoted the determination the optimum 
mix, with’ideal pressure and rate delivery. The optimum was never found. 
The behavior each hole was law unto itself. Gradually, however, the 
judgment was developed that the extremely thin mixture, less than 2%, was 
not desirable effective and that initial pressure each hole was necessary 
secure the best effect, the rate delivery adjusted accordingly. 

After washing and testing hole with clear water, therefore, the approved 
routine was follows: (1) more careful measurement and adjustment 
the mixture; (2) constant inspection pumps, pipes, fittings, strainers, 
for assurance that there was stoppage along the line and that the indicated 
pressure was the boring rather than some plugged connection; (3) 
beginning with mixture, delivered fast enough fill the boring, and 
develop 10-lb pressure the top within half hour; (4) holding that 
pressure long any good effect appeared the form grout spread 
the down-stream face-joints, otherwise might judged; (5) thicken- 
ing the mix 8%, 16%, and much 100% waste was detected 
lake soundings uncaulked down-stream joints vents; (6) con- 
tinuing adjust the mixture and the pressure the best balance for 
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maintaining the injection during maximum period and for maximum 
weight cement retention the dam; and, (7) continuing the injection 


TABLE CEMENTATION OPERATIONS 


(2 240 Pounps) 
Number Depths Linear Feet 
Average 
Series To t erg 

i epth 

Total Total Per per hole Total Lost Retained 
bed-rock hole drilled 
into rock 
(2) (3) (4) (5) (6) (7) (8) (9) 


(u) Dam; Fesruary, 1933, To Marca, 1934; Mrppie Section (Station 650 To 
Sratron 450) 


Re 70 69 1l 136 159 13 2 162 22 2 140 
Secondary........... 65 65 10 596 163 13 794 8 736 
Tertiary............ 30 30 5 194 173 20 122 2 120 
Quaternary.......... 18 18 3 297 183 11 33 1 32 
ee 15 12 2 525 168 6 78 1 77 
. _* shee 198 194 32 748 165 14 3 189 34 3 155 
(b) Sarrawta Dam; Ocroner, 1931, To May, 1933. 
453 363 38 202 84 3 040 776 2 264 
Secondary........... 213 64 15 556 73 9 407 47 360 
 _ sear 391 190 32 714 83 2 196 29 167 
Quaternary.......... 744 451 67 244 90 2 239 34 205 
as sans 689 536 21 717 31 6 1 113 301 812 
. Serer 3 611 1 629 206 529 57.2 6 5 469 1 237 4 232 
(c) Dam; 1932, 1934 

< 611 605 46 799 77 10 1 220 83 1 137 
Secondary........... 273 272 21 423 78 9 134 7 117 
- Peete: 398 166 24 564 62 6 195 10 185 
Quaternary.......... 57 42 4 199 74 3 25 4 21 
pave beccescecete 431 426 16 415 38 5 174 y 165 

353 1 8 361 24 5 67 4 63 
Sluice roof.......... 4 3 177 44 7 9 sens 9 
Duet line........... 2 2 44 22 10 23 2 21 
oe . 15 15 1 291 86 76 68 1 67 
went + eitvs 2 567 1 532 130 157 51 8 1 965 125 1 840 


Thoroughness, rather than speed, was always the rule action; hence, 
was not the practice force the pressure once the maximum, but rather 
give every opportunity for the most fluid mixtures cement penetrate 
into the smallest and most remote fissures voids which were accessible from 
the boring under treatment. the work advanced through successive series 
borings, the masonry became tighter, absorbed less grout per boring, and 
the flow became more sluggish. 

Accordingly, because the pumps and pipes became encrusted with cement, 
the practice was developed connecting two, three, four adjacent borings 
single pump through its 1-in. delivery pipe, thereby speeding the main 
flow while retaining the desired pressure and obviating the clogging apertures 
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and pipes. These multiple connections could made only with holes 
similar absorption; otherwise, loose hole the group might take undue 
proportion grout and prevent the other holes from securing their effective 
pressure and share the fluid. 

Caulking important part the cementation process was 
caulk the face-joints the masonry order retain the cement the 
wall. innumerable joints between the small-sized ashlar facing stones, 
both faces the dam, the pointing mortar had long since disappeared. the 
up-stream face, the narrow zone exposed above lake level, these joints were 
readily caulked against any escaping cement. Below lake level this was not 
expedient without the aid diver, and seemed inadvisable retain 
diver for full time the site repair the occasional bad leaks under water. 
Many the under-water leaks could stopped adjusting the cement mix- 


tures and pressures or, obstinate cases, dosing the mixture with sand. 


The introduction sawdust rice chaff was suggested for “choking” these 
troublesome leaks the lake, but this was discouraged, and only the selected 
sand was approved being heavy and imperishable. 

The most serious difficulty stream was indentify leak great 
depth under water. The volume and time interval rising air bubbles would 
show roughly the extent and position some the larger leaks, whereas sound- 
ings with cutting-edge and 2-in. pipe trap-valve, would detect deposits 
cement the lake bottom below the leak. the down-stream face the joints 
were caulked systematically gang about twenty men during the primary 
grouting, diminishing gradually toward the last, when only occasional joints 
required such attention. 

first, effort was made clear the joints loose mortar and 
insert more less continuous strands old rope packing; but was soon 
found best leave all joints open for the free escape water and resort 
caulking only when the cement that escaped was the same density, 
approximately, the mixture that was being injected. 

Sometimes hole, group holes, would under pressure for hours 
before the cement color would show the extruding water. other times, 
the full mix would show almost immediately after starting injection, with 
water and cement being expelled over large areas face-joints opposite and 
considerable distances lengthwise the dam from the positions the 
borings. 

Equipped with ladders, slings, kits tools, supply hemp rope strands, 
old bag strips, and wooden wedges, the caulking force was constant readiness 
staunch the waste cement soon the inspector would decide that 
sufficient water had escaped and was desirable hold all cement the 
wall and force the water and grout further penetration. primary work 
large quantities the old rope strand were caulked tight held place 
against the pressure wooden wedges driven into the joints. Toward the 
end (and for the most part, Walwhan Dam), strips old cement sacking, 
lightly place, were found most convenient and the 
tighter joints having less residual pressure from the injection. 


t Injected in Cwt 
per 100 Cubic Yards 
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notable phase these caulking operations was the occasional uplifting, 
displacement, the down-stream ashlar, which was poorly bonded into 
the rubble masonry. fact, the facing ashlar was veneer rather than 
part the dam. numerous cases single ashlar block would 
lifted out like loose tooth, the grout pressure combined with the surround- 


160 
140 
Cement Injected per Unit 
£9 Volume of Masonry 
120 


Materia! injected, in Tons 


"29 


09 


ing wedging for holding the cement the wall. few cases the veneer 
peeled until considerable area was loosened into “blister” and all opera- 
tions ceased until the condition could remedied. The caulking operations 
were essential and successful feature the proceedings, both Shirawta 
Dam and Walwhan Dam; Thokerwadi Dam only little caulking was 
required. 

The cement consumed Shirawta Dam illustrated the typical curves 
Fig. (Stations 35). Sections marked are those which reservoir 
leaks, ground leaks, caused excessive loss cement. Figs. and are 
views leak the toe Shirawta Dam before and after cementation. 
Other views are shown Figs. 12. Fig. shows some typical bad leaks 
(including the “big leak”) and small spurts before remedies were attempted. 
Fig. demonstrates gradual approach the stopping the “big leak” 
appeared May, 1932. Fig. the ashlar masonry has been removed 
after typical blow-out. disturbance was noted the interior masonry 
(see Fig. 11). this case the pressure the 6-in. pipes was released and 
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borings were driven effort intercept the flow along the stratum 
the floor the old inspection tunnel and below it. view above the site 
the big leak, one year after its treatment, shown Fig. the 
6-in. pipes. 


THE Larcest Leak Leak”) 


The total leakage through Shirawta Dam was per this 
about 20% appeared joints and pipes near Station 6.5 from the south end 
the dam. this point inspection tunnel had been drifted into the dam 
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Fic. 9.—Grounn Leak ny Saxnp Baes aS A GRADUAL APPROACH TO 
Sroprine “Bie Leak.” 


Fic, 10.—Asniar MAsonry Removep at Brow Ort, Samrawta Dam. 
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within about from the water-face. This tunnel had been back-filled 
with cement rubble and drained two 6-in. pipes and one 4-in. pipe, per- 
forated with 1-in. holes and bedded the floor. 

Fig. shows the leakage (about per sec) the pipes and joints 
this vicinity before beginning cementation. Fig. shows the condition 
after completing the work. The final result work the entire dam, 
miles long, was the reduction the total leakage from per 
(see Tables and 3). The exploratory tunnel had entered stratum 


Leak (No Harm Done). LEAK” AFTER 


appeared that the mortar had been particularly inferior and seriously eroded, 
thereby permitting the heavy concentration leakage the site this drift, 
tunnel. 

The cementation program throughout the length the dam included the 
control and sealing this most conspicuous leak, well several other 
serious concentrations later discovered the base the dam. sealing 
medium other than Portland cement grout (pumped under pressure) was used, 
and the work was done under full reservoir conditions. 

Sequence first move was proceed with the routine 
grouting primary, secondary, and toe holes the flanking sections the 
dam, aiming solidify the masonry both sides and beneath the area 
gushing leakage. doing this there was such interconnection through the 
masonry, between the several borings and the 6-in. pipe drains, that much 
grout was wasted. 
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was not considered safe close the drains and grout the entire area 
under the reservoir head magnified, influenced indeterminately, the 
pumping pressure. The policy, therefore, was progress from one hole 
time with such adjustment mixture and pressure would gradually seal the 
face-joints, after due caulking, both flanks the big leak through the pipes. 
Narrowing the outlet this manner resulted troublesome loss cement 
under water the lake that side while the down-stream toe bad 
“ground leak” was developed which rose the surface from the base 
the dam from inaccessible joints little above the 

The leaks the lake were stopped the sand mixtures. The ground 
leak was first weighted with sand bags (see Fig. 9), and then intercepted 
number drill holes suitably grouted under balanced pressure until the 
boils ceased and the area was solidified for retaining the subsequent injections 
within the dam. Further attempts check the main gushers seemed set 
pressures the relief borings which might become menace the stability 
the dam, the somewhat crippled condition the section which best 
was none too strong (see X-section Fig. 1). 

one stage the proceedings warning trouble was given the 
outburst leak through the down-stream face about from the point 
where injection pressure was assumed maximum. This leak soon 
raised blister under the ashlar veneer (afterward stripped shown 
Fig. 10), whereupon work was stopped pending new plan attack. During 


the pause operations was found, air test and soundings the lake, 
that leakage grout that side had occurred depth about ft, 
little above the bed the lake. This suggested the possibility that there 
might such concentration open jointing that vicinity would 
induce definite intake and flow toward the drain pipes the bed the 
old drift. 


Upstream Face of Dam 


* Point at Which Hole Lost Water 

* Point at Which Hole Lost Water 
and Cement was Injected before 
Continuing the Boring 


Old inspection , 


6-2 Relief Holes 


Downstream Face of Dam 
Relief Pipes 
Sandbags Built up Around 
Ground Leak — 5°0" High | at Outburst 
625 650 675 700 725 
100-ft Stations Measured From South End of Dam 
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supply coal ashes mixed with top-soil and small “sweetening” 


was assembled the parapet and sifted down into the water against 
the dam directly above the suspected area intake. dose the 
dye was also included the chance tracing the color the gushing leaks, 
first trial the dye showed color within few minutes. This was followed 
after time trace color the soil, and continuing the process for 
some hours produced marked reduction flow and pressure the 6-in. 
drain pipes. 

This important checking the leakage along the path the old tunnel- 
drift greatly facilitated the further progress which consisted drilling 
series six borings, in. diameter, from the down-stream toe about 
below the tunnel floor and each side its axis. Entering the dam 
45°, these holes converged two sets three holes, one each flank, 
intersection under the tunnel containing the 6-in. pipes distance 
from the down-stream face dam (see Fig. 13). 

The effect these borings was first take away most the remaining 
flow from the 6-in. pipes. Then they were grouted (with 1:1 mix) one 
time, with controlled interconnections while using the opposite set borings 
for pressure relief needed. make the job complete similar group 
borings was made little higher for sealing the entire tunnel area. These 
converging holes, supplementing the numerous previous holes the regular 
and series, had the effect stopping all sub-surface leakage and 
solidifying the entire base the dam the floor the tunnel. 

Thereafter, became relatively simple, and personally comfortable, 
matter seal the ground above the tunnel pressure grouting through the 
top holes, with regulated vent through the 6-in. pipes. Finally, all leakage 
through the drain pipes and the masonry joints that vicinity was stopped 
this manner (see Fig. 7). 

Other Bold attempting grout primary top holes between 
Station 30.0 34.0 (see Figs. and 15), was found impossible hold 
the cement the dam merely caulking down-stream face-joints above the 
ground surface, and the usual methods failed stop the boils rising through 
the back-filling the toe the dam. The toe the dam, below the 
back-filled surface, was explored trenches required. number 
bad leaks were exposed, partly the lower face-joints; the worst was 
leak that rose from bed-rock fissure beyond the toe (see Figs. and 
15). Another connected series leaks was discovered directly the surface 
the bed-rock, under the toe the dam which, for some distance, was found 
rest the flat smooth surface rock without any indentation key 
seating. and the rock could not caulked, even against 
the residual static reservoir pressure. They were controlled successfully 
trapping the flow series 2-in. and 3-in. pipes the bottom the 
trench under concrete placed serve also toe retainer for the dam 
the rock-bound trench. 

The pipe traps, rising the surface, became first the pressure relief 
vents for the water, and then for grout injected through top holes the dam. 
throttling these relief pipes the grout discharge thickened and finally 
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closing them, extending stand-pipes until the pressure be- 
balanced above ground, this seetion the dam was made 
tight, and all toe leaks disappeared. 


Fie. 14.—SurrawraA SuHowine Vic. 15.—Suirkawta DAM; ANOTHER 
Section (StTaTions 30 35) View or Stations 30 vo 35. 


Wuere Worst anxp ‘Tor 
LEAKS OCCURRED. 


The Interior Tube trials were made Shirawta and 
Walwhan with small injection pipe extending nearly the bottom the 
boring and fitted with gland loose stuffing-box the top, the object being 
consolidate seal the ground from the base up. This method has 
ceeded foundations where raveling ground, soft rock, sand has required 
degree solidification relation other features. the dams treated 
this paper, however, the trials demonstrated that the method was less 
effective than the adopted standard procedure with full boring under initial 
pressure—variable and adjustable but continuous, from the top. 

the primary and secondary injections 
cement grout had left something desired the way more complete 
sealing residual seepage, effort was made induce penetration the 
finer voids the addition some form lubricant the cement grout. 
was suggested that compressed air might have some such effect, but when 
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tried, produced perceptible benefit. Calcium chloride solution mixed 
the grout was better—in fact, made the worst record, presumably 
account its acceleration the set. soda-silicate, water-glass, solution 
appeared help little, but the average record the eighty-seven borings 
under trial indicated that the straight cement-water grout under the usual 
direct pumping pressure gave slightly better results than were secured with 
any attempted lubrication. 


TREATMENT 

Following the trials “lubrication,” last resort, and for the informa- 
tion derived, attempt was made substitute for the cement 
combination commercial salts which were reputed have been highly 
beneficial high-pressure injections for sealing wet ground mines and 
shafts. this case section Shirawta Dam was selected, 300 long, 
which had first been fully treated five series borings with the regular 
cement injections, and yet continued show slight seepage over much 
the down-stream face. 

New borings were drilled from the top bed-rock, intervals, 
this section the dam; there were twenty-five holes all, exhibited 
Table (Items Nos. 23, 24, and 25). These borings were injected first with 
soda-silicate solution immediately followed alumina sulfate solution. 
The silicate was supposed smooth the path for the sulfate, which crystallizes 
and solidifies place. Injections were made first stages 15-ft depth from 
the top down; then 50-ft stages without any perceptible difference effect. 
The maximum pressure was per in. The result was visible im- 
provement sealing the residual seepage, but not practically measurable 
the small flows involved, which were complicated the time interval and 
reservoir levels. 

The conclusions regarding the chemical treatment were that: 


(1) only applicable after thorough cementation the usual manner 
for stopping all large leaks; hence, complete re-boring the dam neces- 
sary, with spacing not greater than 12} ft; 

(2) The improvement density and strength the masonry in- 
appreciable; 

(3) The reduction seepage below that already aceomplished cementa- 
tion not appreciable, its durability not proved, and the effect the 
injected salts the surkhi mortar and cement grout matter doubt; 
and, 

(4) The small immediate visible improvement will not justify the 
expense. 

probable that the reputed success “chemical treatment” has been 
rigidly confined ground where pressures several hundred pounds per 
square inch were permissible for driving the fluid, with granular solids 
suspension, into the smallest passages and interstices. Manifestly, such 
high pumping pressure could not permitted rather loosely jointed 
structure relatively small dimensions resisting unbalanced static pressures, 
such these dams. 
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The suggested limitation benefits the cementation process alone, 
opens further field usefulness for cement chemists and testing labora- 
tories. safe and reliable means sealing the voids otherwise completed 
masonry structures needed, order make them virtually impermeable 
water. This problem involves the production, moderate cost, sub- 
stance demonstrable durability, having the property setting hardening 
place without loss volume injurious reaction any masonry con- 
stituent, and which can carried solution water under pressure while 
maintaining fluidity equal to, greater than, water itself. 

may claimed some that the current patented proprietary water- 
proofing compounds would serve for this purpose; or, might imagined 
that the old Sylvester wash soap and alum could injected under pressure 
where any solids water vehicle would not go; but the field open for 
modern scientific experimenting. 


CEMENTATION THE Dams 


Walwhan Dam.-—The foregoing has been largely relation Shirawta 
Dam where most the problems were first encountered. Walwhan Dam 
(see Figs. and 17) the same equipment and methods were used, with about 
the same results, shown Tables and The thin section, arched design, 
low gravity rock and masonry, and the more general spread rather 
than concentration leakage Walwhan, introduced special difficulties 
requiring modification methods. 
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The principal difficulty was place the borings positions where they 
would sufficiently covered masonry hold the grout under any 
pressure (see Fig. 18). The top dam had treated first stage 
under low injection pressure, and even then this upper stage gave insufficient 


100-ft Stations Measured from West End of Dam 
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Pic. 18.—TypicaL Spacinc or Tor Borincs, WALWHAN Dam. 


Depth in Feet 


support under the crown the arches; hence, the boring was required 
done only with the shot drills, order avoid vibrations, and such slopes 
would pass through the piers and spandrels reach the lower measures 
the masonry where higher injection pressure was needed. Views this 
work are presented Figs. 19, 20, 21, and Cement and grout are plainly 
visible Figs. and 21. 
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Considerable joint caulking was required down-stream face-joints, but 
this was done more readily with strips sacking and less forcible wedging 
than was required Shirawta. Grout was prevented, fairly well, from escap- 
ing the lake the reservoir head against thorough pointing joints 
which had been done several years previous—an advantage which was lacking 
Shirawta. 

(Road Surtace) The travel grout 
through the wall, with inter- 
venting water and grout 
distant from borings under 
pressure, was more general 
than the other dams. 
The progressive tightening 
the masonry, with dimin- 
ishing consumption ce- 
ment, the successive series 
borings and injections was 
equally significant; and, 
finally, the leakage index, 
stantially the same 
Shirawta. 

Thokerwadi The 
situation Thokerwadi (see 
Fig. 23) was modified the 
different design dam, dif- 
ferent types masonry (all 

POSITION THE SEVERAL harder and heavier rock 

the aggregates and the 

foundation, together with the great difference between the high middle section 

and the low end sections, separated the buttresses which had been built 

over the shrinkage cracks the dam originally constructed. The record 
cement consumed shown Fig. 24. 

Peculiarities the design (gravity type) included 3-in. mortar dia- 
phragm plastered against the hearting masonry aproximately from 
the up-stream face and only from bed-rock level 115 below the top 
the dam. The design also contemplated draining the masonry through 
built-in ducts emerging 8-in. rectangular weep-holes through the down- 
stream face. Fig. shows one line these weep-holes which carried large 
part the total leakage through the dam (4.0 per sec, which was 
reduced 0.25 per sec the cementation process). Leakage through 
these weep-holes was entirely stopped the interior injections cement (see 
26). 
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Another large part leakage emerged the re-entrant angles the but- 
tresses where similar openings had been made for venting any water reaching 
the buttress through the shrinkage crack. The upper part the dam was 
built surkhi concrete with the heavy basaltic aggregates, including crushed 
sand. This part was first bored and grouted, with consumption but little 
cement. 

The plan work was adapted these conditions, which indicated drilling 
and grouting only from the top the dam. The objective was form 
impervious curtain for extending and supplementing the “diaphragm,” which 
had been attempted but discontinued the original construction. The further 
purpose was penetrate bed-rock and seal the bedding joint throughout the 
base the dam, the same time filling all interstices the rubble masonry 
the lower measures the dam that could reached such borings 
order consolidate the structure the utmost. (See Figs. and 26.) 


SSS 


North (Left Flank) 


illway 500 ft 
North Section =71 Tons Middle Section = 3189 Tons 


100-ft Stations From North End of Dam 


=18 Tons 

25-Foor Dam. 


More than one-half the length the dam (both ends) was concrete, 
well seated bed-rock, and the borings 5-ft spacing consumed relatively 
little cement. The shrinkage cracks through the dam the two buttresses, 
700 apart, were grouted and well sealed injection through borings inter- 
secting each crack ft, 100 ft, and full depth. The section between the 
buttresses, 150 190 high, was the same concrete the top 100 ft; 
below that level the masonry was loose, jointed rubble that raveled the 


borings, permitted loss drilling water, and required injection several 
stages depth. 
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Each the numerous borings this section the dam required 200 
300 bbl cement, 100% mixture part cement part water weight), 
and the record hole took 700 bbl. cement was lost into the lake this dam. 

There was abundant evidence that the cement became diffused widely 
within the masonry. For example, there was progressive decrease leakage 
water through all the weep-holes and through the joints the down-stream 
face, accompanied showing cement these vents, many which 
required caulking. 

toe holes were drilled for injections from the down-stream face, 
the diffusion grout from the several series top holes appeared seal the 
bed joint and consolidate the masonry satisfactorily. remarkable evi- 
dence the latter result was the progressive tightening the drilled 
masonry, that the holes ceased ravel and cave, and the loss drill water 
became infrequent. The final series borings produced good cores cement 
and refused thin grout under maximum pressure. the whole, the results 
Thokerwadi were considered rational and satisfactory, with the best showing 


cement 
the three dams ratio and reduction leakage (Tables 


masonry 
and 3). 
Recorp anp Costs 
detailed record and report all the work included drilling log, and 
report the behavior all borings during the injection process, the form 


“cementation record,” shown Fig. 27. The cost the work listed 
briefly Table (Items Nos. 34). 


mo 


WALWHAN 


CEMENTATION. 


Fic. 27.—Sampite SuHerT ror Dairy Recorp Usep at ALL DAMs. 


These data over-all costs cover the total expense the work under the 
five items Plant, Supplies, Materials, Labor, and Supervision. These cost 
figures would applicable for estimation purposes other parts the world, 
the use suitable factor performance drilling, under any local 
conditions. Knowing the cutting speed the types drill used 
the local rock and masonry, either previous experience trial run, 
consideration Indian labor cost would eliminated. 

The cost plant, equipment, stores, and repairs, shown Table 
should represent maximum expense for these items elsewhere. The cost 
cement India about the same the average the United States. The cost 
supervision, shown Table reasonable value for use anywhere 
cover adequate direction and inspection this special type operations. 
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The main objective this work, all three dams, was make the 
ture solid and stable practicable. Incidentally, the reduction leakage, 
seepage, was object, index, and measure success. Evidences success 
the main objective may reviewed, follows: 


(a) The marked change the character drilling after the primary 
grouting, demonstrated increased firmness masonry with much less 
raveling and choking the borings; 

(b) The much less frequent loss drilling water the secondary and 
subsequent series borings cementation progressed, until the final 
series most holes were water-tight, consumed minimum cement under 
maximum 

(c) The greatly decreased number cases interconnection borings 
and leaks the lake, otherwise, beyond easy control; 

(d) The numerous cores showing good penetration cement 
into fissures and interstices. (The cement these cores was found well 
hardened place, promising durability and permanence) 

(e) The progressive decrease cement consumed the successive series 
borings, particularly from primary secondary holes, shown Table 
until last many holes refused grout immediately; and, finally, 

(f) The reduction leakage more than 90% good evidence success 
solidification. 


The weight evidence seems warrant the conclusion that these dams 
have been stabilized and secured (largely isolating and restricting the 
continuity uplift areas), gratifying conservation water has been 
effected, and the total cost the work was reasonable and well justified. 


REFLECTION THE Gravity Dams 


will observed that these dams the “gravity” type, straight plan, 
are more slender profile than could approved under orthodox analysis. 
(Figs. 16, and 23). Probably could shown that there tension 
the up-stream masonry, which certainly not character withstand 
appreciable tensile stress. 

Under the best conditions workmanship with the given materials 
could scarcely assumed that any section these dams would the 
monolithic character contemplated the ordinary computations for over- 
turning moment; and, yet, all these dams have been successful service 
about fifteen years, with such deterioration from their original conditions 
evidenced the increasing percolation during that period. Against this 
background, the observations incidental the cementation process have tended 
overturn, undermine, invalidate the observer’s conceptions why dam 
stands up. His net reaction accord with the declaration “the neces- 
sity for abandoning the middle-third theory and the sliding factor useful 
elements masonry dam 


Transactions, Am. Soc. E., Vol. (1934), 1041 
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view all the phenomena presented the cementation these dams, 
however, the writer hesitates follow Mr. Henny all the way regarding the 
critical question “uplift.” Rather, might concluded from the evidence 
these thousands borings, under their manifold pressure testing, that the 
persistence, and practical effect uplift have each been unduly 
magnified the fundamental assumptions dam design. the other hand 
there would appear, from these experiences, good reasons for the adop- 
tion rational shear factor substitution modification the usual 
sliding factor. Moreover, the common assumption monolithic cantilever 
section comes under suspicion. 

While the writer was stationed for some weeks the toe Shirawta Dam, 
below full reservoir, with the monsoon pouring water his head and the 
“big leaks” sloshing water his feet, watching the effect pumping water 
and cement into the middle the structure, could perceive good reason 
why that dam should remain stable; but did remain stable, although 
grout. seemed had uplift enough move it. 

For the most part the bedding rock was good and the vertical bonding 
the rubble masonry was fair; but there must have been planes where uplift 
operated reduce the sliding resistance. The saving factors must have been 
shear resistance and horizontal beam, voussoir resistance arching between 
abutments contiguous sections the dam which had little surplus 
stability—possibly taking the resultant thrust longitudinally. 


long last, the one conspicuous result the cementation program was 


localize, delimit, destroy the continuity all considerable areas hydro- 
uplift; but, course, this result should have been accomplished the 
original construction. The lesson derived from this experience is, that 
builders gravity dams may take some chances their design profiles 
and the governing theories stability, but they should not take chances 
the soundness their materials the competence their workmanship and 
field direction. 

Designers should “keep their feet the ground” and beware using 
values uplift from bed-rock, based over-inflated formulas. They should 
also keep their eyes critically field practices, the end that the essentials 
durable construction shall become incorporated with approved mechanical 
principles. 
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DISCUSSION 


Oren Am. Soc. (by helpful service 
those members the profession who are interested the design and 
maintenance masonry dams, has been rendered Mr. Cole. Leaky 
masonry dams are difficult repair successfully. 

attempt was made stabilize the Ringedalsvand Dam, Western 
Norway, cement injections but this method was soon abandoned for an- 
other. The writer had inspect this structure 1930. The first 
section, built 1912-1913, was constructed granite blocks pointed 
with 1:2 mortar. This section has maximum height ft. From 1914 
1918, the dam was raised constructing concrete structure back the 
initial section and incorporated with give maximum height 112 ft, 
The body the dam constructed 1:5:6 concrete with about 30% 
“plums.” The up-stream and down-stream faces are granite. Back 
the stone facing the water side there tightening layer 
concrete. The thickness this rich concrete, measured from the water face, 
varies from the crown the top the original masonry 
dam. Immediately behind the rich tightening concrete drainage system 
consisting double row vertical drain pipes 24-in. centers. These 
vertical pipes are connected horizontal header, which empties into the 
inspection gallery, whence the water conducted the down-stream face 
the dam. 

effort was made inject cement into the tightening layer during the 
summer 1927, two adjacent blocks the structure, which constituted 
length along the crown 180 ft. all, thirty-seven grout holes and six 
observation holes were bored for testing and grouting. They were located 
about from the up-stream face and were bored vertically depths 
varying from 50.4 72.8 ft. Near the bottom, the holes were 5.9 from 
the up-stream face and 4.6 from the vertical drain pipes. total 2300 
ordinary injection holes were bored, together with 390 observation 
holes. 

The first holes were spaced 9.8 apart, but the distance was found 
too great and intermediate holes were bored. Pressure tests and observa- 
tions indicated that the spacing was still too great, but not 
decreased. The holes were not bored their full depth one time, but 
stages, depending the soundness the concrete. The tightness 
each length hole was tested water pressure. Cement was injected 
pressure varying the nozzle from 294 per in. total 
cement was used, divided into the four groups holes 
shown Table The part the dam under treatment had area 
about 11300 ft. Therefore, more than cement was used 


* Assoc, Engr., Tennessee Val. Authority, Pickwick Dam, Miss. 


wate 
54.5 
ever 
and 
thir 
The 
stre 
mos 
age 
les 


REED STABILIZING CONSTRUCTED MASONRY DAMS 

For Groups Nos. and Table mixture approximately equal 
parts cement and water was used, about 9.9 cement per gal 
water. thin mixture (3.9 per gal) was used Group No. 
shown Table average 113.7 cement per hole went into 
Group No. where the distance between holes was 9.9 ft, whereas only 
54.5 cement per went into Group No. which was placed midway 
between the holes Group No. There was considerable variation, how- 
ever, between the cement use the different holes. Injection five the 
six observation holes, which were placed between the holes Groups Nos. 
and showed the largest average use cement—127 per hole. 
thin mix 3.6 cement per gal water, was used for these holes. 
The injected material had probably spread over large area, especially 
stream the stone facing and down stream the drainage system. For the 
most part, the cement was injected when the lake level was low, but some 
holes were treated when the water level was its full height. The leak- 
age water did not seem indicate severe loss cement. 


TABLE Recorp, Dam, Norway 


Cement used, Total length bore holes,| Average use cement, 
Group No. poun pounds per foot 
1 70 600 621 113.7 
2 29 548 54.5 
3 126 900 1 126 112.7 
4 49 200 390 126.0 


The objective which was set the beginning the work, respecting the 
clogging the drainage system, was not attained. The cement paste did 
not reach the inspection tunnel except few places, but the drainage 
system was put out operation several places, evidenced the 
leakage which appeared the down-stream face the dam directly back 
the injected section. Measurement the leakage before and after the cement 
injection showed that about 76% the leakage was stopped. 

The following conclusions were drawn from the cement injection trial 
the Ringedalsvand Dam: 


(1) The result the injection was not fully satisfactory. Even large 
part the leakage was stopped, relatively large part still remained. Re- 
moval soluble material the concrete would continue, therefore and 
would probably only question time until the injection must 
repeated. 

(2) Pores, holes, and passages the concrete were partly filled with 
dark organic slime, had coating slime the wall surfaces. During 
the injection the cement would mix with the slime, and the slime would pos- 
sibly hinder weaken the setting and hardening the cement. all 
cases there would film slime between the concrete surface the pores 
and holes, and the injected cement. 

(3) For dam with drainage system immediately behind the tightening 
layer, will difficult with cement injected the foregoing manner 
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prevent partly filling the drainage system. Therefore, leakage will find 
way through the lean concrete the down-stream part the section, and 
wash out the soluble portion. 


Due the foregoing disadvantages the cement-injection method, 
was not continued and other solutions were studied for the repair the dam. 
The adopted method reconstruction, begun 1929, consisted building 
concrete flat-slab dam front the up-stream face the old dam 
and resting against struts. The new vertical deck was proportioned 
take the full water load that the only purpose served the original dam 
support. This work was completed 1931. 


record difficult work, completed satisfactorily, and because its author has 
given such precise detail the method followed, this paper should prove 
great practical value. particularly interesting and valuable engineers 
India because draws attention weaknesses type construction which 
probably peculiar that country, namely, the use lime instead 
cement mortar Portland cement concrete, hydraulic structures. 

The widespread use lime due its general occurrence geologically 
the form the ease with which quarried and prepared, and, 
consequently, its cheapness compared with cement. The cost masonry 
work lime mortar the region around Jodhpur less than one-half that 
masonry cement mortar and less than one-quarter the cost massive 
concrete work; these considerations force the engineer use the lime pre- 
pared locally for almost all work, important otherwise. 

The weakness lime when used for hydraulic works, such dams, canal 
walls, and overflow weirs, abundantly evidence many parts India, 
but probably where more than Rajputana, where the surface the 
country littered with masonry walls all sizes built across stream beds 
and depressions for the purpose arresting the flow water and storing 
for use during the few months immediately succeeding the monsoons, when 
wheat cultivation undertaken. some time other during their life, 
high percentage these walls dams have been breached, and the reason 
puzzled the writer because many the structures observed were statically 
stable even with greater overtopping than could have occurred. Eventually, 
was traced the fact that water gains access through joints the mortar 
and eventually passes through the wall, leaching out the lime its passage. 
This action has been found especially drastic wall through which the 
writer had cut recently making some modifications. The wall, which 
level and backed bank sand both sides, the bank the water 
side being pitched protect from wave action. The rock used the 
masonry hard rhyolite that splits with smooth faces. has been found 
that the lime has poor adherence this stone and probably this may said 
the trap-rock, which the dams described Mr. Cole’s paper, are con- 


Senior Executive Engr., Public Works Dept., Marwar State, Rajputana, 
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structed. also well-known fact Rajputana that the local masons 
prefer work with sandstone and not with granite rhyolite, because they 
find making the lime “stick” the stones. 

The writer has constructed several small dams sandstone rhyolite, 
according the geological formation the locality, but all cases the 
greatest care has been exercised grind the lime fine and use mixture 
part lime part clean sand, avoid regular courses the masonry, 
and, finally, rake out the mortar both the up-stream and down-stream 
faces, and point deeply with mortar consisting part cement parts 
fine clean sand. This procedure has prevented leaks effectively and should 
form rigid part all specifications for this class work. 

The author’s reflections the stability gravity dams also interest, 
the writer has his jurisdiction 25-ft masonry dam, built about forty 
years ago, which the resultant, due water level with the crest, falls far 
outside the middle-third. The masonry deplorably poor that the dam 
emptied through leaks within few weeks filling; has had 3-ft sur- 
charge over its entire length and yet has shown sign failure. Notwith- 
standing these facts the writer agrees entirely with the final 
paragraph. 


and thorough account novel and interesting job well done, wherein 
experience, meticulous care, and full understanding the difficulties 
encountered, and the hazards, involved, were conspicuously essential the 
attained. The profession much indebted the author for full 
and clear description the work. 

The work these important Indian dams indicates not only what may 
done save defective dams, but emphasizes more forcibly what must 
done avoid such defects. dam that permits water percolate through 
cannot classed safe, permanent structure, whether built stone 
concrete, and the remedy use dense concrete mortar well placed, 
with special care given construction joints. 

The close spacing and total length drill holes required and the quan- 
tity cement used staggering, but not surprising when consid- 
ered that the dams are uncoursed rubble masonry and that much the 
grout would inevitably lost the reservoir through the down-stream 
face. For few the most serious these leaky holes the 
inclined think the use asphalt the “Christians’” process would have 
saved many tons cement which found its way out the dam section, and 
would have facilitated the cementation process. 

Since dimensions are given upon the dam sections shown, the author’s 
comments concerning their refusal fail would expected accordance 
with accepted principles instability, cannot verified. The sections 
seem light; and although the writer can agree fully that dam builders should 
take “chances the soundness their materials, the competence 
their workmanship and field direction”, cannot agree that any chances 


*Care, Engr. Office, Nashville. 
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should taken the provision for uplift. all dams were founded upon 
basalt, granite, one might reduce the allowance for uplift with safety, 
Dams fail more often sliding upon strata beneath their bases; and where 
the foundation rock stratified and horizontally bedded, believed that 
designers err more often the other direction. his closing discussion, 
hoped that the author will supply dimensions dam sections, and 
show the resultants forces acting upon their bases. 


Comstock,’ Am. Soc. (by unusual and 
almost unprecedented character the work described, together with the 
author’s clear, complete, and interesting account methods, difficulties, and 
results, make this paper unique and, therefore, worthy something more 
than casual and perfunctory discussion. 

order fully appreciate the situation which the author’s work was 
intended to, and undoubtedly did, improve, and how such condition 
affairs could come about, necessary cast glance backward over the 
development construction India. 

Masonry dams exceeding 100 height, and about mile long, were 
undertaken the Public Works Department prior 1870 and pushed 
completion within few years. These were the early years the theory 
dam design developed Sazilly, Delocre, and Rankine, and not much 
had materialized from except the rule the middle third. During the 
ensuing third century many dams between 100 and 200 height, each 
comprising more than 500000 masonry, were designed this prin- 
ciple and constructed various parts the country. Because the dams 
were long the sections were made small possible, and was considered 
good practice bring the lines pressure near possible the limits 
the middle third. This resulted sections rather more slender than are 
to-day thought conservative. 

materials, they were those which the country afforded. The earlier 
works would not have been possible otherwise. Portland cement, course, 
was known, but was manufactured but few localities, was costly, and was 
little understood. Concrete was practically unheard of. The origin surkhi 
mortar shrouded the mysteries the past, but its preparation and use 
are common knowledge among the Indian masons. has unquestionable 
properties, and tests have shown compressive strengths tons 
per months, and tons months; respectively, 1060 and 
1230 per in. Such material cannot summarily dismissed from 

consideration. 

The Indian people are essentially agriculturists. They are not mechanically 
minded. Elaborate and complicated machinery does not enter into their 
scheme things, although their skill and patience many handicrafts are 
revelations the Westerner. Time not important them. They not 
think terms the individual’s span life. 
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these not surprising that the administrators the 
Indian public works designed and built they did—with rudimentary 
theory, native materials, minimum mechanical equipment, and maxi- 
use manual labor the kinds which the people were accustomed. 
After half century without major failure, notwithstanding the construc- 
tion great number large and important works, they were justified 
considering their practice sound, and not strange that they were slow 
adopt the later developments materials and methods. 

With this background the engineer who designed the Walwhan and 
Shirawta Dams, and who had spent most his long professional life India, 
naturally preferred follow tried and proven road rather than pursue 
what might only will-o-the-wisp. 

The Shirawta Dam contains about 650 000 masonry. construct 
such volume, almost entirely one-man stone, hand labor within few 
working seasons required army men and women. These literally 
swarmed all over the work. fact, seen from elevation and from little 
distance the activity resembles nothing much gigantic swarm bees. 
The labor turnover enormous, for these people will work outside employ- 
ment only during such times their personal agricultural operations not 
require attention. 

Herein lies the weakness the system. good masonry can 
and has been executed this somewhat primitive procedure, but with hun- 
dreds masons distributed over large area and served thousands 
coolies who bring the stone and mortar, adequate supervision and inspection 
are impossible. Here and there careless indifferent mason, occasional 
batch improperly ground mortar, few stones which are dirty cracked— 
the result weak spot, discontinuity, and through which water under 
pressure may find its way. and the never-ending erosion running 
water the rest. 

Thus the slowly but steadily increasing leakage through these dams was 
regarded condition which should not allowed per- 
sist. The loss water was unimportant, least any quantity which 
might reached for some years. was not believed that the dams were 
unsafe, but seemed certain that they would become the deterioration 
should permitted continue. that time should come, every one would 
helpless. edict condemnation Government would futile 
gesture, for power earth could prevent those reservoirs from filling. 
The waste-gates, designed only for use the early stages construction, 
are not large enough the reservoirs the period between monsoons. 

order the dams breached that the reservoirs could not fill would 
deprive the City Bombay and surrounding territory tramway service, 
light, fans, and refrigeration. would shut down about cotton mills 
and deprive the railroads entering Bombay power. short, would 
mean ruin and pestilence million and half people. The Indian Govern- 
ment does not take fiendish delight destroying private capital, but even 
were indifferent such destruction could not face this possibility. 
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the other hand, failures the dams would mean frightful agricul- 
tural regions below, and almost certainly much loss life. 

Clearly, the damage already suffered must repaired and the structures 
must rendered permanently immune future deterioration, without inter- 
fering with the use the reservoirs. The plan adopted after thorough investi- 
gation and careful study was endorsed some the most experienced engi- 
neers India and received Government approval. The engineers for the con- 
tractor, Frangois Cementation Company, Ltd., believed, the light their 
experience, that promised success. They had not previously undertaken 
precisely similar job, but major engineering problem exact duplicate 
any other. was believed that cavities existing the masonry, whether 
resulting from carelessness during construction from subsequent washing 
out mortar, could filled with good cement grout, and that the old surkhi 
mortar the neighborhood these cavities might some extent impreg- 
nated with cement. the execution this plan which has been well 
described the author. 

has been objected some persons that the degree betterment 
uncertain since there visual evidence that all cavities are filled wholly 
part. visual evidence, true, but the volume cement retained 
the structures (in the case Shirawta 0.6% the total volume the 
masonry) very convincing, especially the pressures employed were 
cient force the grout through minute openings. not claimed, course, 
that the dams are high quality though they had been originally laid 
cement mortar under close inspection, but they are certainly good 
(probably even better than) any those built with surkhi mortar the 
manner prevailing India, and many which have served for more than 
fifty years without manifesting any sign distress. 

has been said that this work was almost unprecedented. The grouting 
rock formations underlying dams prior construction well-established 
practice, also subsequent grouting parts the structure through 
holes left for that purpose. 

Grouting the Camarasa Dam Spain, completed 1931, was not 
parallel case the Indian dams. Camarasa the dam was absolutely tight 
and sound; leakage through the surrounding and underlying rocks was the 
fault remedied. This object was accomplished with marked success. 

The Delta Barrage, Egypt, consists series piers, each long 
thick and about high. These are spaced centers, and 
rest continuous concrete mat thick. Construction was begun about 
the middle the Nineteenth Century. result political interference the 
foundation work was not properly done, cracks and settlements appeared 
almost immediately, was impossible maintain the pool level which had 
been intended—the dam was failure. When Sir Colin 
became head the Public Works Department Egypt took immediate 
steps remedy the difficulties. The final stage the repair job was 
drill five vertical holes along the axis each pier and inject cement 
grout. pressure was used except that due static head; however, cement 
injected one pier frequently appeared the holes adjoining piers. One 
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pier took much tons cement; total 1000 tons was used 
piers. This work was completed 1898 1899; the dam has given 
trouble since. 

work which some respects parallels the Indian dams the 
Fergoug” Algeria. This dam, high, also was 
designed the early days the middle-third theory, construction com- 
pleted about the beginning 1872. Like the Indian dams, was built 
one-man rubble native workmen using lime mortar, perhaps feebly 
hydraulic. From the beginning leaked profusely many places, and lime 
deposits the down-stream face indicated serious destruction the mortar. 
December, 1881, length 125 the highest part the structure was 
carried away, most clear down the foundation. Between 1881 and 
1885 the gap was filled new structure slightly greater section than 
the old, but built the same manner and with the same kinds materials 
except that some hydraulic lime and some Portland cement were used places 
regarded especially critical. The dam continued leak hut 1900 
withstood unprecedented flood with indication weakness. 
November, 1927, there was another major failure, carrying away part 
the old and part the later work, and resulting heavy loss life and 
property. For some time prior the failure the authorities had been dis- 
turbed over the persistent leakage and the continual leaching lime from 
the mortar, and had approved project for drilling and the injection 
cement. This work was actual process near the left bank the time 
the failure, but had not progressed far enough throw any light the 
condition the masonry. Whether this method reinforcement and stabili- 
zation would have been effective undertaken few years earlier can only 
conjectured. 

The outstanding peculiarity hydraulic conscruction India the 
general aversion the use Portland cement. This was understandable 
the early days when cement would have had imported from Europe 
and would have been very costly. To-day, however, excellent Portland cement, 
meeting all standard specifications, manufactured several places India 
and can purchased the factory prices about rupees per ton— 
equivalent about shillings per bbl—so that this reason longer 
operative. 

The late Robert Batson Joyner, who spent nearly life time India, and 
who designed Walwhan and Shirawta Dams and their appurtenant works, 
1919: 

“Indian engineers never use Portland cement the construction 
masonry dams, whether stone concrete, except perhaps wet foun- 
dations; not merely account its high cost—though good cement now 
being made the country more cheaply—but also becaase considered 
inferior good hydraulic-lime mortar for dams. Cement work too rigid, 
whilst the hydraulic-lime mortar, being somewhat elastic, withstands the 
variations temperature without cracking. There therefore not the some- 
what alarming necessity providing expansion joints. The range tempera- 


ture probably not greater India than England, but may occur 
more suddenly.” 


Tata Works, Bombay,” the late Robert Bat- 


son Joyner, Minutes Proceedings, Inst. Vol. CCVII, 55. 


} 
| 3 
| 
| 
\ 
| 
{ 
| 
I : 
f 
\ 
\ 
f 
\ 
| 
{ 
| | 
f | 
ff 
J 
q 


760 MINEAR ON STABILIZING CONSTRUCTED MASONRY DAMS 


These are arguments devised justify existing practice rather than 
reasons which that practice based. The reader may judge for himself 
their validity. 

With increasing education Indian masons the properties Portland 
cement, and with the gradual change personnel the Public Works 
Department with the retirement the seniors and the advent younger 
men, probable that Indian practice dam construction will eventually 
come conform quite closely with that other parts the world. Tradi- 
tion strong the East, and the inertia people not easily 
overcome. 

One the most valuable features this paper that emphasizes the 
dominant importance execution, compared with design, the 
tion masonry dams. Volumes mathematical formulas and theoretical 
discussions many languages have come and gone, each purporting 
the last word stresses dams; yet sections have changed little 
seventy-five years. the other hand, with few exceptions, all important dam 
failures have been traced defective materials faulty execution. dam 
made safe, otherwise, the job—not the office. 

The author entitled great credit for his masterly handling 
difficult job. further commended for the exhaustive and incisive 
manner which has presented the subject print. There nothing 
superfluous; nothing has been omitted. Aspiring authors engineering 
papers should referred this model. 


bution the knowledge the theory and practice cement injection con- 
tained this paper. has been read and re-read those entrusted with 
pressure grouting Boulder Dam and appurtenant works. The methods 
developed for this great dam correspond remarkable degree with the 
methods and practices adopted India the author, notwithstanding the 
vastly different conditions under which the two jobs were carried forward. 

The author placed 64000 bbl cement maximum pressure 
per in. inferior masonry structures India, using native labor. 
Boulder Dam, more than bbl cement have been placed maximum 
pressures 1000 per in., and with high-grade American labor. Not- 
withstanding the wide variation conditions and objectives sought, 
thought that the one job affords independent check upon the methods 
injection used and the conclusions reached upon the other. Recounting all 
the similarities would become tiresome, but the writer wishes re-emphasize 
some Mr. Cole’s more important conclusions regarding methods, that 
experience Boulder Dam tends verify: 


(1) The degree hardness and strength (of injected grout) propor- 
tional general the pressure placement with accompanying extrusion 
water. 


*Care U. S. Bureau of Reclamation, Denver, Colo. 
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(2) For cement injection into tight ground some better efficiency 
attained the use extra finely ground and resifted cement. Many thou- 
sands sacks cement, 98% which passed the 200-mesh screen, were 
injected Boulder Dam, and was definitely established that, other condi- 
tions being the same, tight hole will admit much 10% more 
than ordinary, cement given interval time. How- 
ever, rescreening costs are relatively high, and thought that the apparent 
advantage can more than overcome slightly increasing the pressure 
applied ordinary cement (conditions permitting). 

(3) Sand not effective for general use. kept suspension within 
the pipe with the greatest difficulty. cannot carried very far the 
rock passages due their variable cross-section and the consequent variable 
with which the grout flows through them. many cases sand 
undoubtedly clogs not only the pipe and fittings, but also the hole. 

(4) Isolated grouting effects benefits but shows tendency hinder 
the flow grout from subsequent holes. places obstructions 
the grout passages deliberately, making difficult impossible vent 
the air, water, and thin grout that precedes the thicker grout stream. Theory 
and practice seems confirm, that channel that has been tapped 
should filled one operation, and holes that have given return flow should 
the order which they showed grout. 

(5) There always the danger choking the hole and sacrificing the 
penetration the finer connecting passages too much cement, too much 
pressure, too much speed delivery. The water-cement ratio, pump 
speed, and induced pressure must co-ordinated conformity with the 
type grouting being done and the requirements the individual hole. 
Each hole law unto itself.” seems probable that more holes have been 
lost through inexperienced men attempting use grout than the 
hole will accommodate, than from any other single cause. sudden increase 
either the speed delivery the pumping pressure, frequently results 
the loss hole, especially water-hammer effect present. Changes 
should made gradually. 

(6) Subaqueous other inaccessible leaks can often sealed effectively 
manipulation the water-cement ratio and the pressure applied. The 
method superior the introduction sanded mixture most cases. 

(7) All joints should left open for the free escape water, and caulk- 
ing should resorted only when the grout that the same 
approximate density the mixture that being injected. 

(8) The routine grout injection developed Boulder Dam almost 
identical with that Mr. Cole, except for the water-cement ratio 
and the pressures. Boulder Dam, the engineers strove from start 
hole maintain the maximum permissible pumping pressure, but 


never more than this pressure. Speed was controlled adjustment the 
mixture. 


(9) There need safe and reliable means sealing the voids 
otherwise completed masonry structures, order make them virtually 
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impermeable water. This especially true structures founded upon 
pervious rock. From the study numerous cores recovered, the writer has 
reached the conclusion that the benefits derived from the injection 
Portland cement grout into rock are limited the filling cavities and 
fissures within the rock, and that results are negligible far securing 
cut-off water-bearing rock itself concerned. 


clear and detailed exposition the general subject grouting. The author 
has given, outlined, routine follow grouting that will apply most 
conditions, particularly foundation work. Variations the behavior 
different holes develop almost immediately since two holes are alike. The 
operator engineer must “feel” his way, depending the pressure developed 
and the rate flow the grout which can varied changing the mixture. 

Equipment for grouting has been developed gradually from makeshift 
apparatus into machinery specially suited for the work. Pumping grout has 
generally replaced the practice forcing compressed air. Engineers 
and operators who have worked with both prefer the continuous 
flow and positive drive given the pump, rather than the intermittent 
method with the possible danger getting air into the hole. Mr. Cole has 
given excellent description the equipment, but the writer would like 
know more about the pistons and cylinder liners. 

Although regular cements are the most generally used, the writer, after 
handling approximately 40000 bags cement screened through No. 200 
inclined think that has some advantages, one which that 
the cement remains suspension for longer time and does not clog fittings 
quickly. Certainly, small cracks and seams are more likely grouted 
with the coarse particles removed than they are left or, carry step 
further, sand added. The writer strongly opposed the use sand 
grouting except extreme cases and will admit that the leakage into the 
reservoirs through the up-stream faces could probably stopped other 
method. Sand has tendency settle particularly when used with thin 
mixtures. Very little cement, any, remains with form tight filler 
bond the particles together. Instead, will found porous condi- 
tion. Many grouting jobs have been only partly done the inclusion sand. 
When the top concrete-lined tunnel filled, with sand the grout, 
will carry load but cannot always considered water-tight. The 
writer would suggest that before grout used with sand, test cylinders 
made using the proposed mix. Naturally, very fine sands will remain 
suspension longer than coarse grades. 

the case cited the author the leaks were low down, and the sand 
could depended upon settle the low point. leaks are higher, 
water washing grout away fast pumped in, floating substance 
such sawdust often does the work stopping the leak. oats, bran 
(mill feed), and other substances can used until the leak stopped, after 
which straight cement used the point refusal. 


Engr., Chickamauga Dam, Chattanooga, Tenn. 
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When leaks are the surface and are known advance, the writer has 
found convenient patch considerable part the leak before grouting 
begun, leaving small outlets frequent intervals for the escape water, 
air, and thin grout. The final sealing the patch can then completed 
short order. Various materials are used patching, such wedges, oakum, 
strips cloth, lead wool, and quick-setting cements. The writer has had 
with quick-setting cement mixed give flash set, and 
applied the leak dry form. The leak furnishes sufficient moisture 
cause the mix set. Where cracks are wide, they are generally caulked with 
oakum, lead wool, other material first, after which quick-setting cement 
mixture applied soon the leaks appear. 

convenient, and widespread practice, designate the grout mix- 
tures the water-cement ratio (by volume). water meter reading directly 
cubic feet useful for this purpose. Cement generally handled and 
measured bags. Grout can mixed, using any number full bags 
cement, and the water can metered any fraction cubic foot. 

Ordinarily, the writer favors isolated grouting and would prefer drill 
hole and grout before the other holes the vicinity were drilled. Usually, 
the specifications require that, when grout leaks through adjacent open holes, 
they capped and also that the capped hole grouted soon possible. 
The writer has seen grout leak from several holes, and was absolutely impos- 
sible start grout into any the leaking holes before the cement had begun 
set. consequence, the entire area was only partly grouted. Filling 
group holes simultaneously not satisfactory since each hole takes grout 
different pressures and each may require different mixture. However, the 
writer wonders what the difference between, say, four 25-ft holes and one 
100-ft hole. Each the 25-ft holes would take grout differently and, certainly, 
each 25-ft section the 100-ft hole has different characteristics. This 
argument for “stage” grouting well for drilling single holes and grouting 
them before other near-by holes are drilled. Then, again, there are exceptions 
this rule. 

the nature the rock such that there are seams carrying material 
that could washed out and replaced with grout, would probably advis- 
able drill about three holes and wash between them. The efficiency the 
washing generally doubtful. The writer has spent days trying wash 
clay from seam the foundation the Calderwood Dam, Tennessee. 
After few hours the water would run clear. tested again the following 
day the seam’ would found dirty ever. After several days this 
experience, the holes were grouted regardless, The theory was that the clay 
was tight and solid the joint and would resist leakage from the reservoir. 
This dam was completed 1930 and five years later there was increase 
the originally very small leakage. 

The writer has grouted more than one hole the same time where under- 
ground connections required that done, feeding small batches each 
hole turn, rotating from hole hole until all were grouted refusal. 
This method lacks the advantages continuous flow that one the features 
pumping grout. can compared with the intermittent batch system 
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that has largely been abandoned. Considerable pains must taken obtain 
the proper mixture each hole where variations the mix are required, 

The description the author’s experience using the “lubrication” 
method and the chemical grouting appreciated. would seem that every 
effort was made get the best possible results from these methods; hence 
the conclusions derived have the highest value. 


this paper there has appeared the recognition that the very special condi- 
tions and remedies exhibited the case the Indian dams have rather 
general application the entire field “pressure grouting”; yet the 
sions, the main, relate experiences sealing cementation the founda- 
tion rock under dams. 

The experience most nearly like those treated the paper appears 
the discussion Mr. Reed, wherein describes the attempt stabilize 
the Ringedalsvand Dam. interesting note that although some bene- 
fits were accomplished the cementation process, the results were not entirely 
satisfactory and the final remedy was found the construction auxiliary 
curtain dam strutted against the water face the leaky dam. This must 
have involved unwatering the reservoir, the construction expensive 
coffer-dams, either which expedients was avoided all possible 
the Indian situation. 

The discussion Mr. Fergusson particularly apposite the local 
problem masonry construction with surkhi mortar. Doubtless, Mr. Fer- 
gusson has become aware the growing use Portland cement substitu- 
tion for hydraulic lime his territory. has recently come the writer’s 
attention that the cement manufacturing industry India expanding, 
with much activity the promotion sales. 1931 the writer visited 
the just completed largest masonry dam Hyderabad, Deccan, which 
was constructed ashler-faced rubble surkhi mortar, and 
informed the Chief Engineer that proposed more important dams 
that character, but intended use Portland cement the next one. 
this connection may suggested Mr. Fergusson that useful possibilities 
may lie the conversion his kankar, other local limestone, into natural 
cement rather than quick-lime, and then blending this cheaper form cement 
with standard Portland cement for economic mortar dam construction. 
lean mixture this should prove better and but little more expensive than 
the surkhi. 

Mr. Wright emphasizes the fundamental requirements for safe and dur- 
able dam, thesis which affirmed the experience described the paper 
and which every generation dam builders should take heart. 

The suggestion pertinent that the “Christians” asphalt process might 
have been useful staunching some the worst runaway leaks the lake 
preliminary cementation. retrospect, however, would appear 
that the provision all necessary equipment for this process the distant 
and isolated would not have been justified for the limited requirement. 


~ Civ. Engr., Phenix Eng. Corporation, New York, N. Y. 
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dimension drawings are available, but the scale diagram Fig. gives 
all cross-sectional dimensions Shirawta Dam built. From this Mr. 
Wright will able analyze the stresses, using the tabulated weight 
146 per for masonry and such data for uplift, sliding factor, and 
cantilever integrity, will the text the paper. 

The illuminating discussion Mr. Comstock supplies background 
history, statistics, Oriental color, and technical wisdom against which the 
paper most favorably displayed. Mr. Comstock’s closing observation that: 
dam made safe, otherwise, the job—not the office”, touches 
responsive chord the writer’s constitution. 

the discussion Mr. Minear gratifying read that the Boulder 
Dam program foundation grouting developed system, independently, 
which remarkably accord with the routine India, notwithstanding the 
dissimilarity conditions and objectives. The check one system against 
the other with harmonious results indeed striking, tending prove, for 
example, that both programs followed sound procedure the situations 
each was developed. 

Mr. Hays raises number interesting points which might profit- 
able space permitted. Suffice say that the writer 
agreement the general superiority pumps over the air gun for con- 
trolled grout delivery. Answering direct questions Mr. Hays: The pistons 
the air-driven pumps the beginning were cold-rolled shafting, in. 
and in. diameter, with gland packing good grade square braided 
hemp. Excessive wear the piston (plunger) and the packing led the 
substitution nickel steel plungers, polished and packed the same manner. 
These plungers were quite satisfactory and gave many weeks wear, although 
much packing was consumed. Cylinder lining was unimportant since all 
wear was the plungers with full bore packing. The distinctive feature 
the pumps was the valve assembly consisting ring-seated steel balls, 
described under “Plan Operation” the paper. 

The re-sifting cement important consideration for work tight 
ground, and dams where limitation low pressure demanded. again 
confronted with similar conditions the writer would plan put the com- 
mercial cement through 200-mesh, rotating vibrating sieve which could 
easily rigged the cement shed. This fine cement would used borings 
testing less than gpm water loss. this means the input cement would 
practically colloidal texture and would probably accomplish about all 
that would result from application the “chemical treatment”. 

The writer agrees that sand should used sparingly, with caution, and 
only large cavities, runaway leaks which must staunched 
preliminary effective pressure grouting with thin mixtures. Sawdust, rice 
chaff, other perishable materials were deemed inappropriate substitutes for 
sand choking this type leak structure where density was the prime 
essential. writer agrees with Messrs. Hays and Minear that the best 
results can secured holding the pressure the hole from start finish, 
with the cement mixtures adjusted give maximum total input 
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before the hole chokes. not always feasible, however, and this where 
experienced judgment, patience, and conscience have application. 

the writer’s view vast amount “grouting” has been done per- 
functory manner with ineffectual results, although reported “holes grouted 
refusal”; all for lack intelligent and diligent supervision. 

the multiple connection holes for simultaneous grouting, has 
been the writer’s practice require permit this when pump delivery 
demonstrably capable holding the specified pressure each individual hole 
the series, usually not more than four holes time. 

The discussion Mr. Hays evidences appreciation the requirements 
for effective sealing difficult ground. There great variety problems 
the field, worthy expert study. 

early example foundation grouting well recorded much detail 
and with pertinent discussions the paper Harold Rands, Am. Soe. 
E., entitled: “Grouted Cut-Off for Estacada classic tunnel 
grouting the paper James Sanborn and Zipser, Associate Mem- 
bers, Am. Soc. E., entitled “Grouting Operations, Catskill Water 
Students the general subject would well include these papers their 
research. 


Am. Soc. E., Vol. LXXVIII (1915), 447. 
cit., Vol. (1919-20), 1058. 
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Paper No. 1938 


LINE LOAD ACTION THIN 
CYLINDRICAL SHELLS 


Synopsis 


The object this paper the derivation influence numbers for the 
longitudinal edge deformations thin, cylindrical, shell sector, rigidly 
held between transverse stiffening members. This problem practical 
importance the design modern shell structures, such large pipe lines, 
self-supporting flume structures, sector gates, and the barrel type roof 
described this paper. The monolithic action longitudinal stiffen- 
ing members, well the analysis discontinuous surface loads, leads 
the consideration corrective line loads, which restore the continuity the 
structure. 

The proposed method based simplifying assumptions, and, therefore, 
the solution approximation with definite limitations. illustra- 


tive example the secondary stress conditions half-full pipe line are 
investigated. 


INTRODUCTION 


Thin shells bent plates are three-dimensional structures, extensively used 
Nature protective housings, account their great resistance im- 
pact forces. They require minimum construction material and are 
adaptable great variety possible shapes. The shells may the open 
closed type. 

The excellent structural properties closed shells are explained the 
fact that external surface loads are largely transmitted direct stresses, 
which act two principal stress planes. Although concentrated loads also 
induce bending stresses, has shown the analysis spherical 


March, 1935, Proceedings. 
Zur Theorie der Elastizitit rotations-symmetrischer Schalen,” von 


Geckeler, Ingenieur-Archiv, Vol. 1930, 255. 
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shells that direct stress system prevails within short distance from 
the load concentration. The bending zone appears distributed over 
imaginary, circular plate, elastically supported the adjacent parts the 
shell. The free span this plate comparatively small and, therefore, 
the induced bending stresses are likewise small. 

case open shells, the free rims edges represent zones structural 
weakness, because direct stress system possible one direction only, 
namely, parallel the free boundary. Edge loads, therefore, must trans- 
mitted the interior the shell partial plate action; that is, bending 
stresses planes normal the boundary line. For instance, closed egg- 
shell represents rather stiff structure. However, the shell cut into two 
halves, will observed that small edge forces cause relatively large dis- 
tortions the thin walls. 

rule, Nature protects the free edges thin shells thickening 
the weak zone, the case walnut shells. The same principle used the 
glass and sheet-metal industry, where thin edges are strengthened means 
flange-shaped stiffening members. order most effective such 
members should placed planes nearly normal the surface the shell. 
The advantages true shell action will then realized also the case 
open shells. 

The practical design shell structures steel and reinforced concrete 
has opened wide field interesting applications industry and archi- 
tecture. description the more recent developments shell-type re- 


concrete structures given Dischinger and 


Most the practical problems lead consideration edge loads con- 
nection with the design adequate stiffening members. For this reason 
the analysis shell stresses due edge loads becomes practical impor- 
tance. The following study limited the stresses and deformations 
circular, cylindrical, shell sector, with uniform wall thickness and sub- 
ject edge loads distributed along generatrix. 

Closed cylindrical shells tubes, subject continuous surface loads, 
require circumferential stiffening members the open. ends, over the 
supports, the case large pipe lines,‘ horizontal storage tanks, culverts, 
ete. The actual stress condition such shell determined the super- 
position two fundamental stress systems: First, the so-called membrane 
stresses (which represent statically determinate, direct stress system, being 
equilibrium with the surface and, second, the so-called rim stresses 
(which are statically indeterminate) caused the restraining action the 
circumferential stiffeners. the case thin shells the rim stresses are dis- 
tributed only over comparatively narrow ring zone. 

The analysis the membrane stresses symmetrical shells revolution, 
due continuous, symmetrical, and asymmetrical surface loads, has been well 
established and presented detail 


3“Nenere Entwicklungsformen der Schalenbauweise,” von F. Dischinger und 
U. Finsterwalder, Beton und Eisen, Vol. 31 (1932). 

*“Design of Large Pipe Lines.” by Herman Schorer, M. Am. Soc. C. E., Trans- 
actions, Am. Soc. C. E., Vol. 98 (1933), p. 101. 

*“Handbuch fiir Eisenbeton.” von H. J. Kraus und Franz Dischinger, Vol. 6. 
Fourth Edition, 269, Wilhelm Ernst Sohn, Berlin, 1928. 
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simplified method for the practical determination rim stresses 
symmetrical shells revolution, subject symmetrical rim loads, has been 
derived The rim load problem circular, shells, 
subject asymmetrical loadings, has been fully treated 

Fig. shows cylindrical shell with cross-section consisting thin, 
circular-ring sector, between two transverse end stiffeners, fixed plane 
normal the axis the shell. the following derivations the term, “rim,” 
always refers the circumferential boundary the shell and the term, “edge,” 
refers the longitudinal boundary, which coincides with generatrix the 
surface. 


Fie. 


Line loads, edge loads, are defined loads acting the two free edges 
the shell. The present study limited continuous line loads only, 
such those caused the restraining action longitudinal edge- 
stiffening member. The shell stresses due edge loads, then, represent 
third stress system, designated load edge stresses. 

The edge load stresses cylindrical shells, simply supported between 
stiff transverse members, have been investigated Dr. 
mainly for the purpose analyzing barrel, vaulted, type thin shell 
roof structure. Similar problems arise the design semi-circular, open 
flume structures, sector gates, decks reinforced concrete dams, etc. The 
analysis discontinuous surface loads, such the partial fillings pipe 
line, partial submergence submarines, lifting tanks, also leads the 
problem line-load stresses. 


*“Ueber die Festigkeit achsensymmetrischer Schalen,” von Geckeler, 
Heft 276, Berlin, 1926. 

lastung,” von Kurt Miesel, Ingenieur-Archiv, Vol. 1929, 22. 

Theorie der zylindrischen System Zeiss-Dywidag,” von Dr. Ing. 
Ulrich International Assoc. for Bridge and Structural Eng., Zurich, 1932: 
Querschnitt,” von Ulrich Finsterwalder, Ingenieur-Archiv, Vol. 1933, 43. 
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contrast the comparatively narrow zone circumferential load 
stresses, the influence edge loads may extend over the entire area, 
because such loads are largely transmitted the stiff transverse 
present, exact solution the line-load problem The 
approximate method presented this paper based entirely Dr, 
Finsterwalder’s original investigation, which also introduces simplifying 
assumptions, justified model tests and observation full-sized 

The assumptions point out definite limitations, which 
must keep mind when considering structures which plate action, rather 
than shell action, comes into play. For this reason the method applicable 
mostly the practical analysis thin shells considerable curvature and 
relatively large spans. 

Notation.—The symbols introduced this paper are defined where they 
first appear; and for the con- 
venience discussers, the com- 
plete notation given Ap- 
pendix 


The introduction trigono- 
metric series the theory 
elasticity often yields decided 
analytical advantages because 
difficulties integration are 
avoided and any desired degree 
accuracy may obtained 
simply considering sufficient 
number terms. The solution 
the flat slab problem 
and the derivation the 
deflection curves suspension 
bridges 
cited 
tions. 

tributed unit load, per unit 


ported beam the span, 
This load distribution can 

nometric series. Assuming the 


p 


von Dr. Lewe, pub. Ernst Berlin, 1926. 


Stiffness Suspension Bridges,” Timoshenko, Transactions, Am. 
E., Vol. (1930), 377. 
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which, p(x) the sum trigonometric series expressing intensity 
load; horizontal distance measured longitudinally, from the center 
the span; and the span simply supported beam cylindrical 
shell. The general term this series (Equation (1)) is, 


which, substitutions corresponding the first, second, third, etc., term 
Fourier series. Fig. 2(a) illustrates the first term the series, Equa- 
tion (1), which obtained substituting Equation (2); 
Fig. 2(b), with represents the second term; and Fig. 2(c), 
with indicates the third term. The sum the first and second 
terms shown Fig. 2(d); the sum the first, second, and third terms 
represented Fig. 2(e); and the sum infinite number terms gives 
the straight line, 

For example, the center the span, Equation (1) results 
the well-known expression, 


(3) 


will noted from Fig. that the sum the first few terms Equa- 

tion (1) represents close approximation the uniform load distribution. 
The bending moment, simply supported beam, subject uniform 

loading, obtained double integration Equation (1), which gives, 


2 
The general term the series, Equation (4), is, 
2 


the center the span, the sum the series, Equation (5), gives 
the well-known moment value for uniformly distributed unit loading, 


Likewise, the deflection, uniformly loaded and simply supported 
beam, obtained double integration Equation (4); thus, 


4 

which, the deflection simply supported, uniformly loaded beam, 
multiplied The general term the series, Equation (6), is, 


De = — cos — 
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the center the span, the sum the series, Equation (6), 


gives the value, which identical with that derived the 
customary methods. 


Fig. 3(a) shows small element cylindrical shell, loaded internal 
forces and couples indicated, which are defined stress components, 
measured per unit width the element. The position the element 
defined the distance, from the center the span (see Fig. 1), and the 
angle, measured from the left-hand edge the shell when the element 


faces the positive direction The direct stress components, acting 
longitudinal direction, and, acting transverse direction, are 
positive when they produce tension. The bending stress components, act- 
ing longitudinal plane, and, acting transverse plane, are positive 
when they produce tension the inner surface the element. The direct 
shearing stress component, acting pairs equal magnitude all four 
sides the plane the element, considered positive when produces 
tension diagonal direction increasing values and The radial 
shearing stress components, and are considered positive when they 
act outward direction the sides facing the origin and 
respectively. The torsional moments, twisting moments, are 
tically equal all four sides, and are defined positive when they produce 
tension the outside surface diagonal direction increasing values 
and For reasons stated subsequently the influence the longitudinal 
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bending moment, M,, the corresponding shearing stress component, and 
the influence the torsional moments, will neglected the edge- 
load analysis. 

The deflections the small element are indicated Figs. 3(a), 3(b), 
and 3(c). The longitudinal deflection, and the tangential deflection, 
are positive when the element moves the positive direction and re- 
spectively. The radial deflection, positive when the element moves 
inward. The detrusion, caused the shearing stress component, 
positive when positive. The angular deflection, the transverse 
tangent, positive when the tangent rotated clockwise direction. 

Fig. indicates the positive direction all stress components and 
deflections. has derived the following fundamental relations between 
the deformations, deflections, and stress components, applying the small 
and, constant radius, Thus, the unit longitudinal elongation 
expressed by: 


the unit transverse elongation by, 


the detrusion by, 


the angular deflection the transverse tangent by, 


the change transverse curvature by, 


and the change longitudinal curvature by, 


are, respectively, the longitudinal, tangential, and radial deflections 
stress components shell element: longitudinal direction, and 
element, caused the shearing forces, radius curvature 
cylinder element; angular distance shell element from the left- 


city,” Love, Third Edition, Cambridge Univ. Press 


, : 
2 q 
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and transverse. 


Tue 


Assume thin cylindrical shell sector (such that shown Fig, 
constant thickness, constant radius, central angle, and 
span, the two transverse end stiffeners. Assume, further, that 
external loads are acting the shell surface. Then consider system 
edge loads, such thrusts, moments, shears, etc., continuously distributed 
along one both the free longitudinal boundaries, and resisted the 
transverse stiffening members. Due these edge loads the shell will 
distorted internal forces and couples (see Fig. 3), which transmit 
the loads the end walls. 

the shell thin, not extremely short, and has fairly large central 
angle, experience and analysis both indicate that the internal work the 
longitudinal bending moment, M,, the corresponding shear, and the twist- 
ing moments, rather small compared the work done the direct 
stress components, and the transverse bending moment, with 
the corresponding radial shearing stress component, Under these limit- 
ing conditions will permissible, for practical purposes, neglect the 
influence and considering the stresses and deformations 
the shell due edge loads. However, this statement does not apply the 
ring zone adjacent the end stiffeners, which always subject supple- 
mentary stress system, defined the rim stress zone, where and be- 
come relatively large, and and assume negligible values. 

remaining stress components, T:, and can then derived 
from four equilibrium equations and one compatibility equation, shown 
The edge load distribution assumed symmetrical 
about the middle transverse plane, expressed cosine function, which can 
considered the general term trigonometric series. suggested 
Finsterwalder, the stress components are expressed conveniently stress 
f(¢), similar Airy’s presentation the stress condition 
plane plate. 

The stress function introduced the following definition the bend- 
ing stress component, 


Fig. 3(a) gives the following equilibrium conditions small element: 


Rotation the transverse plane, 


projection the 


pro 


or, 


or, 


The 


Fro 


Sub 


com 


Fro: 


and 
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projection the y-axis, and partial integration, 


and projection the and partial integration, 


or, 
The following definition introduced, 
R? 


Substituting and from Equations (16) and (20), Equation (8), 
the longitudinal deflection, obtained partial integration, 


From Equation (10), partial differentiation, 


Etu=— 


Substituting Equation (24) Equation (23), 
oT. 


From Equations (16), (17), and (20), the expressions for the stress 
components are substituted Equation (25), then, partial integration, 


Equation (9), with from Equation (16), from Equation (20), 
and from Equation (26), 


or, 
partial differentiation Equation (8), with respect 
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From Equation (11), with reference Equations (26) and (27), 


The constants integration are zero, provided the following conditions 
are fulfilled: First, the load distribution symmetrical about the middle 
transverse plane, second, the shell can deform freely the end 
stiffeners longitudial and also radial direction. Since the present 
analysis limited edge loads expressed cosine function the first 
condition met. The transverse stiffening members, rule, are rela- 
tively flexible longitudinal plane, that free movement this direction 
can assumed for practical purposes. However, the movement radial 
direction greatly resisted the stiffness the transverse members, 
requiring the consideration rim stresses, which can always treated 
separate stress system. For the present purpose, therefore, the loads can 
assumed transmitted the end members means tangential shear- 
ing stresses only, accordance with the membrane theory. 

The compatibility equation obtained substituting from Equa- 
tion (14), and from Equation (27), the expression for the transverse 
curvature, Equation (12), which gives the differential equation the stress 
function, 


The constant, defined follows, 


The general solution Equation (29) gives the following expression 
for the stress function, 


Equation (31) indicates that the stress function consists the sum 
two damped waves, which, (J1) and (J1)’, represent the damping factors, 
and and K’, determine the wave length. These four values are constants, 


art 
+ 
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entirely governed the dimensions the shell (as exponents, (J1) and (J1)’ 
correspond with and J’, the text). The expressions, and 
are also constants, determined the boundary conditions the longitudinal 
edge, which four stress components deflections are assigned specified 
values, given the edge load conditions edge deformations. 

The shell constants, and are found substituting the derivatives 
Equation (31) the differential formula, Equation (29). The first 
term the stress function leads the following relation: 


The expressions, and K,, are defined the general 
progressive functions, 


Je => ds Ja-s om Rea (33) 
and, 


Equation (32) can satisfied when the functions, and defined 
Equations (35) and (36), are zero, 


and, 


The derivatives the second term Equation (31), substituted 
Equation (29), give identical pair equations for and 

The progressive functions, Equations (25) and (26), furnish the follow- 
ing expressions, 


Je = 3 ds (39) 


q 
: 
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and, 


substituting Equations (38), (39), and (40), Equation (35), and, 
likewise, substituting Equations (42), (43), and (44), Equation (36), 
will noted that two equations are obtained for the determination the 
explicit form. However, and may successive approxi- 
mations and, for instance, Newton’s method. 

For this purpose will advantageous consider the typical properties 
damped wave system, such that represented the stress function, 
Equation (81). case the damping factors, and J’, are larger than 
unity, each successive derivative will larger than the preceding one. Since 
the present analysis limited thin shells, the damping factors will 
comparatively large, that, first approximation, the derivatives 
lower order may neglected compared the derivative the highest 
order. This method has been used arriving practical 
solution for the rim stresses symmetrical shells revolution, subject 
symmetrical rim loads. 

The same method can applied Equation (29) provided the coefficients 
the derivatives lower order are not too large. These coefficients are 
mainly function (see Equation (21)) which contains the relative 


span, connection with the general term, the trigonometric 


series. first approximation, the derivatives lower order 
can neglected if, 


Finsterwalder has that the stress conditions the shell are largely 
determined considering the first term, the Fourier series, only, 
that the accuracy will not greatly influenced reasonable errors the 
the same time, should stated that the multiple wave loads, 
represented the higher load terms (Fig. 2(b) and Fig. 2(c)), would also 
induce increasingly large proportions work done longitudinal bending 
stresses and torsional moments. Since and have been neglected the 
basic stress system evident that the stresses and deformations obtained 
from the higher load terms are too large any case. For practical purposes, 
therefore, the first load term, may substituted the limiting 
condition, Equation (45), which can now stated the form, 


The proposed approximation, therefore, applicable larger spans, only, 
which, however, represent the most important field practical applications. 


(29 


an 


R 2 
— 
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With these simplifying assumptions the differential equation (Equation 
(29)) now reduced the following expression, 
The corresponding simultaneous equations, (Equations (35) and (36)), with 
and from Equations (40) and (44) respectively, become, therefore, 


J*, —6 J*, K*, + Ki, + (1 — m’) = 0 (48) 
and, 
which gives, 


The following definitions are introduced: 


and, 


The solution Equation (50) gives the following roots for the un- 
known, 


and, 

The corresponding values for the unknown, are, 

Ks (56) 
and, 


means the progressive functions, Equations (33) and (34). Since only 
waves decreasing amplitude can describe the stress conditions originating 
from loaded edge, necessary choose the negative sign for the damp- 
ing factors, and J’; This requirement, turn, determines the choice 
the negative sign for and given Equations (56) and (57). 
Table (Appendix IT), shows the values, J’, and K’, respectively, cor- 
responding the simplified differential formula (Equation (47)). 

Newton’s method now possible find corrections for and 
designated AJ, and AK;. For this purpose the approximate values 


| 
| 
q 
q 
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and (36), whereby the errors, and are obtained: 


and, 


partial differentiation Equations (35) and (36), with respect 
and K,, the functions, f,, and g:, result, 


(60) 
and, 

2 Kz eee 63 


The approximate values for and given Equations (54) and 
(56), are now substituted Equations (60) (63), whereby the following 
equations differences are obtained: 


AG, = Ad, 4 
and, 


A G, AK, x g2(r) (67) 


which, shell constant and f(r) and g(r) are functions The 
desired corrections, AJ, and can then determined from the two 
simultaneous equations: 


and, 


The same method applied order find corrections for the approxi- 
mate values, J’, and Equations (55) and (57). Neglecting the terms 
lower order (which justified when the corrected values are: 


q 
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and, 


necessary, additional corrections could obtained repeated applica- 
tions method. Since the general expressions for the second 
correction are rather complicated preferable substitute the numerical 
individual cases. The final values then are substituted Equations 
(44), such way that the entire group can determined with 
any desired degree accuracy. However, the more accurate solution the 
problem, carried through Finsterwalder, cannot stated explicit 
form. addition, the numerical computations must repeated for each 
individual load term, that, for complete solution, the work 
considerable. 

seems desirable, therefore, obtain approximate solutions simplified 
form, which are entirely sufficient many cases, especially for the purpose 
preliminary designs and estimates. the shell comparatively thin 


100) and the relative span remains within the approximate limits, 


10, can shown that the correction, Equations (70) 


and (72), does not exceed about Under these limiting conditions 
then permissible use the first approximation the values, 

method. 

Consistent with the reasoning stated arriving the simplified dif- 
ferential equation (Equation (47)), the derivations lower order may 
also neglected the expressions for the stress components and deforma- 
tions, Equations (14) to, (28). With the limiting assumption, 
will noted that the derivative the highest order each case also has 
the largest coefficient. 

order obtain identical conditions longitudinal direction, only 


the stress components and deflections containing the factor, cos will 
considered the simultaneous elastic equations. For this reason the stress 


component, (Equation (17)), introduced instead (Equation 


(18)); likewise, the stress component, (Equation (20)), introduced 
instead the deflection, (Equation (22)). Assuming that continuity 
stresses and deformations has been established any point gener- 
atrix, the same condition then applies throughout. 


7 
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The equations for the stress components and deflections are written the 
general form, 


(4 a* + + + cos (74) 


which, with reference Equation (31), the constants, and 
must conform four edge conditions, for example, four known 


values the stress components, and or, the three deflec- 


tions, and the stress component, 


The expressions, a*, c*, and d*, are functions the angle, 
generally defined follows, 


b* 


and, 


d* 


Based the simplifying assumptions regarding the derivatives lower 
tions (14), (15), (16), (17), (20), (26), (27), and (28), connection with 
Table (Appendix The value these constants, corresponding the 


various stress components and deflections, shown Table (Appendix IT), 
where, 


The practical analysis edge lond greatly facilitated the use 
influence numbers for the edge deformations, corresponding elementary, 
unit loads, herein defined the general term of. the series, 
Equation (2). All deformations must given for the the span, 


where the intensity the unit load assumes the value, measured 


per unit length. 
The four fundamental edge loadings ‘considered herein, consisting 


vided symmetrical and contra-symmetrical shown Fig. 
(“Contra-symmetrical” denotes “equal but opposite directions.”) 
with the positive direction The loading 


co 
| ca 
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the deformations are given for the left-hand edge, 


LOAD CONDITION 


| | | Symmetrical Contra-symmetrical 


The stress components and deformations any point the shell sector, 
the angle, (Fig. 5), are generally 
influenced the stress waves from both the 
loaded edges. Equations (75) (78) the in- 
the substitution, Likewise, the sub- 
stitution, gives the influence the 
loads acting the edge, The algebraic 
sum the two values represents the combined 
influence for the point, and designated 
a*,, b*,, and d*, Therefore, 


a”, = a* (4) = a*(¢2) 60 (80) 

and, 


With reference Fig. 3(a), showing the positive directions the stress 
components and deflections, should noted that, case symmetrical 
edge load conditions, the upper sign Equations (80) (83) applies 


anti-symmetrical loadings the corresponding signs must reversed. 


. 


q 
‘ 
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Considering the stress components and deflections the left-hand edge, 
group values, designated do, bo, and do, which are shown 
Table (Appendix II) for the cases symmetrical and 
edge loadings. The abbreviations Table are defined, follows, 


and, 


With reference Table (Appendix will noted that the edge 
values, do, bo, Co, and do, are mainly functions the characteristic num- 
ber, defined the shell ratio, 


The shell ratio contains all dimensions the shell and expresses the law 
similarity for the stress distribution the case edge loads. 

With these preparations the values, and Equation (74), 
can determined for any desired combination four edge conditions. The 
present derivation limited the fundamental loadings, shown Fig. 


For instance, consider the case symmetrical unit load, act- 


From Table 3(a) (Appendix II) (by using the subscripts, 
reference the edge values the following equations can 
written: 


N: A dos + B bos + C Cos + D dos = 0 
T, = A Gos + B bos + Cos + D des = 0. 


= A tou + B bos + © Cou + D dog = 


784 

(84) 

(85) 

(87) 

and, 
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The solution these four simultaneous equations furnishes the unknowns, 
and which can stated explicit form for any given numerical 
the shell ratio, 


Similar groups equations are obtained for the unit loads, 


(Appendix II) have been computed for symmetrical and contra-symmetrical 

unit loadings, using argument, instead 


the argument increases, the functions, and approach con- 
stant values, which are also given. This condition reached when the loads 
the edge, not influence the stresses and deformations the 
opposite edge, as, for instance, the case very thin shell, com- 
bined with large central angle short span. 

The edge deflections, and the edge stress component, are 
obtained from the general Equation (74), substituting the values, 
corresponding given loading, and the values, bo, and do, 
corresponding desired deflection stress component. For instance, 


consider again the case symmetrical unit loading, for 


which the values, and are given Table 4(a) (Appendix II). 
From Table 3(a) (Appendix II) with the subscripts previously defined, 
Equation (74) then furnishes the following expressions for the stress com- 
ponent, and the deflections the center the span, defined the 
influence numbers for 


and, 


Similar expressions are obtained for the other unit loadings. The influ- 
ence numbers, shown Table (Appendix II), can expressed 
explicit form, except for numerical coefficient, which function the 
shell ratio only. 

interesting note that the influence numbers for the deflections, 
and are symmetrical about the diagonal through the top left corner. 
The same symmetry applies the coefficients, cn, through- 
out the diagonal, because the computations show that Cn, 
accordance with Maxwell’s theorem reciprocal relations between loads 


| 
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and deflections. Since represents stress component, instead 
tion, the symmetrical relations apply the coefficients only, not 

Table (Appendix II) gives the values the influence number coefficients 


for symmetrical and contra-symmetrical loading, with the argu- 


ment. These coefficients, plotted logarithmic paper, are also shown 
Fig. will again noted that, for large values the shell ratio, 
the coefficients approach constant values, indicating that the deflections the 
edge, become independent from the loads acting the opposite edge, 
¢x. For medium values the shell ratio the coefficients have pro- 
nounced damped-wave shape, caused the interference stress 
originating from the loaded edges, which indicates typical shell action. 

For smaller values the shell ratio the coefficients plot straight lines, 
indicating that plate action, rather than shell action, prevails this region. 
order illustrate this point, consider comparatively long shell having 
small central angle, and comparatively thick walls. The behavior 
such shell approaches that narrow, flat plate, spanning between the 
end stiffeners. Assume that the shell loaded symmetrical edge moments, 
which loading represents equilibrium system transverse plane. 
Since the shell such shape that the restraining action the transverse 
end stiffeners becomes negligible, evident that the cross-section the 
shell can considered slightly curved beam, loaded two equal end 
moments. The angular deflection, can then computed the usual 
beam theory. comparison with the values obtained from the influence 
number the shell shows close agreement this case. The agreement 
also fairly good for the deflections, and The longitudinal stress com- 
ponent, becomes negligible, which also accordance with plate action. 
course, the reason for the satisfactory agreement under this extreme con- 
dition due the fact that the transverse moment, included the 
stress components acting the small element, Fig. 3(a). 

the other hand, consider the same shell loaded system anti- 
symmetrical edge moments, The behavior the narrow shell strip then 
approaches that plate rod, held both ends, and subjected 
torsional moments distributed over the entire length. 
the torsional deflections will govern entirely this case. However, since the 
torsional moments, acting small shell element, have been neglected 
the derivation the differential equation (Equation (29)), cannot 
expected that the influence numbers (Table (Appendix would give 
even rough approximation this case extreme conditions. The 
deflections will much smaller than those given the influence numbers, 
because the torsional work comes into play. 

Similar considerations apply other unit loadings when the central angle 
becomes rather small. For instance, symmetrical load system, would 
then induce comparatively large bending moments, longitudinal 
direction, which have also been neglected. For these reasons the influence 


| 
| | 
| 


q 


THIN CYLINDRICAL SHELLS 


4.0 5.0 6.0 


2.0 2.5 3.0 


08 1.0 


0.6 


015 02 


6.—INFLUENCE NUMBER COEFFICIENTS. 


Values 


40 50 O1 


20 25 3.0 


15 


0.2 


0.1 


4 
a 
< 
<{ 
q 
c 
> 
” 


788 THIN CYLINDRICAL SHELLS 


numbers should not used under such conditions, where the fundamental 
assumptions become entirely inadequate. should pointed out that the 
same exceptions also apply Finsterwalder’s more accurate solution 
the differential equation (Equation (29)). 


Tue 


The theory membrane stresses based the assumption that continuous 
surface loads are resisted direct stresses only. Fig. 3(a), 
the stress components acting small element then consist the direct 
stress components, and together with the shearing stress component, 
all acting the plane the element. The external load components, 
designated and with the positive direction shown 
Fig. 3(a), are generally expressed functions the angle, and the 
ordinate, The longitudinal load distribution assumed symmetrical 
about the middle plane, and stated the form the general term 
the trigonometric series, Equation (2). Assuming that and 
designating the functions for the transverse load distribu- 
tion, then, case uniform load distribution along generatrix, from 
Equation (1), 


and, 
With reference Fig. 3(a), the stress components, are obtained 
from the equilibrium conditions small element. projection the 


and projection the y-axis: 


Therefore, also, 


projection the z-axis: 


j 
col 
m 
and integration, from Equations (4) and (103): 
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The membrane stress deflections are obtained substituting these stress 
components Equations (8), (9), and (10). From Equations (8), (101), 
and (102), partial integration, 


L 
From Equation (10), partial differentiation: 


Substituting, from Equation (102), and, with the partial derivative from 


Equation (8), connection with Equations (101) and (105), 


integration, connection with Equations (4) and (6), 


From Equation (9,) connection with Equations (101), (105), and (109), 


110 


The angular deflection the transverse tangent negligible-in the case 
membrane stresses; therefore, 


Consider the partial filling simply supported, horizontal pipe line 
liquid storage tank, provided with adequate transverse stiffening members 
over both end supports. Neglecting the weight the shell, the surface load 
then consists the liquid pressure, acting continuously over the wetted 
perimeter the shell. 

the liquid level the surface load becomes discontinuous, which condi- 
tion can analyzed when the shell cut along this plane and the membrane 
stress equations are applied the loaded shell sector. will found that 
direct stress component, and longitudinal shearing stress component, 
are acting the free edges the lower shell. The latter force must 
applied reaction the edges the upper shell, where induces edge 
load stresses and deformations. The lower shell deformed 
stresses and the combined effect will discrepancy the geometrical 
continuity the two shell 

The membrane stress component, representing the main disturbing 
force, reaches maximum value when the pipe exactly half full. For this 


7 
i 
‘ 
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reason the following derivations will limited this loading, which 
practical importance, although any other filling may analyzed similar 
manner. Referring Fig. and designating the unit weight the liquid 
the external load components are, 


and, 


The membrane stress components and deformations are 
obtained from Equations (101), (102), (105), (109), and (110): 


(116) 


Since the membrane stress component, Equation (114), rep- 


resents the only reaction that must applied symmetrical edge load 
the upper shell. The corresponding deflections and the longitudinal edge 
stress the upper shell are obtained from the influence numbers, Table 


SPX 
(a) 
and, since the angular deflection negligible, 
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(Appendix IT), which already contain the term, unit load. Therefore: 


and, 


comparison the deflections, Equations (121) and (116), indi- 
cates that the latter relatively small the case thin pipes and, there- 
fore, will neglected. 


symmetric equilibrium system unit edge loads, N.= 


corresponding deformations, given Table are shown Table 
(Appendix together with the deformations the membrane stress system, 
Equations (116) (122). Table also gives the algebraic differences be- 
tween the deflections the upper and lower shell, including the differences 
between the longitudinal edge stresses. The continuity between the two 
shells restored when the differential deformations and stresses are 
eliminated. 


For this purpose four unknown edge force components, designated 


algebraic sum the difference, becomes zero. Table then gives 
the following elastic equations for the determination the unknowns, 


+ Cu — Cys R + Cy 1% (123) 
X3 Ca — X, Cy R — Cu 12 (124) 
and, 
Cat — xX, Cu R — Cu q ae (126) 
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The solution Equations (123) (126) gives the following values for the 
unknowns, 


(128) 
and, 
The coefficients, and are defined the following equations, 
and, 
(182) 


The unit stresses the liquid level, the center the span, may deter- 
mined considering the stress condition the upper shell, which subject 
edge loads only. 

The total longitudinal edge stress component consists the individual 
components due the edge loads, and the component the 
membrane stress system. The latter given Equation (122) and the com- 
ponents caused and X,, are obtained from the influence numbers, 
Table (Appendix II). Therefore, the resulting longitudinal edge stress 
component, designated becomes, 


2 4 5 


substituting the corresponding values from Equations (127), (129), and 
(180), the following expression obtained, 


2ac 
which, 
C; = — C, Cus C, Cu (135) 


The unit stresses, corresponding the stress components, and 
Equations (127), (129), and (134), are designated and 
respectively, hence: 


Cr = 1 Se vere (187) 
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and, 


2,05 


The value being positive, tensile stress; compressive 
stress. The tangential stress, relatively small. However, inter- 
esting compare the transverse bending stress, and the longitudinal 
stress the maximum beam stress simply supported, full pipe, 
designated which is, 


2 3 
Substituting from Equation (51), and using value, 0.10, for 
Poisson’s ratio: 
L\t 
and, 
Cp L t 


Substituting and from Equations (132) and (135), respectively, 
will noted that the influence number coefficients are given functioas 


Table 9(a) (Appendix Fig. 6(a). Since, the present 


example, and from Table (Appendix II), also function 
will possible, therefore, write Equations (140) and (141) the 
following form, 


and, 

(7) 


The values the coefficients, Cy, and have been computed for the 
first term the Fourier series, substituting, and are shown 
Fig. already stated, the consideration additional terms the 
series does not greatly influence the final result. Due the approximations 
made the derivation the influence numbers doubtful whether the 
accuracy would increased thereby. 

entirely different method, has analyzed the same problem 
for pipe half full, but with fixed ends, instead the simply supported con- 
ditions assumed the present example. Although the results for this reason 
are not directly comparable, the corresponding coefficients, derived from 
Samsioe’s analysis, are also shown Fig. 


Entfernung anfgelegten und zur mit Wasser gefiillten Rohr,” von Frey Samsioe, 
pub. Svenska Bokhandelscentralen, Stockholm, Sweden, 1926. 


. 
= 
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will noted that the maximum stresses due the discontinuous gur- 
face load are similar magnitude both cases, except that the 


12 


10 


08 1.0 12 14 16 18 
Values of 


AND 


the present method are indicated case small values 


Thin shell structures will find increasingly large field useful appli- 
cation because their economic advantagés and their adaptability 
architectural treatment wide span construction. For practical purposes the 
analysis such structures must simplified enable the designer 
obtain reasonably accurate stress picture spite the fact that exact 
solutions are not yet available account mathematical difficulties. 

The proposed method approximation, but. the comparison the 
results with more accurate derivations indicates satisfactory agreement, 
provided the given limitations are kept mind. 


APPENDIX 


The symbols introduced this paper are defined where they first appear; 
and for the convenience discussers the complete notation, alphabetical 
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order, listed herein, follows: 


d* 


> 


factor, also, a*, b*, c*, and functions the 


shell constant also, for and bo, refer 


Symbol 
substitutions corresponding the first, second, third, 


ber coefficients for edge deflections; for and refer 
Symbol 
function the angle, (see Symbol a). 


base natural logarithms; also elongation: longi- 
tudinal, and transverse; 
“function Finsterwalder’s stress function for 


and ¢x; and functions J’, K’, and 
“function (for and g’, refer Symbol f); 
“function of”: (for and h’, refer Symbol 
Poisson’s ratio; 


load intensity per unit length simply supported beam; 


p(x) sum trigonometric series; general term 
series; 


unit weight liquid; 


length circular are corresponding central angle, 

longitudinal deflection shell element, positive the direc- 
tion increasing values 

tangential deflection shell element, positive the direc- 
tion increasing values 

radial deflection shell element, positive direction 
toward the center curvature; 

distance measured longitudinally along the arch barrel, from 
the center the span; elementary small distance, 


edge conditions the shell; 

constant (see Symbol A); subscript, denotes “beam” 

constant (see Symbol A); and functions the 
influence number coefficients referred the example 
this paper; 

constant (see Symbol A); 

modulus 

function (see Symbol F); 

moment inertia beam section; 


e= 
n= 
z= | 
| 
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shell constant; damping factor (as exponent, writ- 
ten simply, (J1)); J’: damping factor stress functions 
(as exponent, written, (J1)’); 

shell constant; and wave length factors stress 

length; span simply supported beam cylindrical shell; 

moment; bending moment simply supported, uniformly 
loaded beam the distance, bending moment 
the center the span; longitudinal bending stress 
component shell element per unit width (positive when 
tension produced the inner surface); transverse 
moment acting shell element per unit width (positive 
when producing tension the outer surface, diagonal 
direction increasing values and ¢); general 
term series; 

radial shearing stress component per unit width (positive when 
acting outward direction the sides facing the origin 
and 

radius circular shell; radius curvature cylinder 
element; 

direct shearing stress component shell element per unit 
width, acting the plane the element (positive when pro- 
ducing tension diagonal direction increasing values 
and ¢); 

direct stress component shell element per unit width; 
transverse, direction; resulting longitudinal edge stress 
component the design example the paper; 

force component: and external load components 
shell element per unit width; and un- 
known edge force components the design example the 
paper; 

force component (see Symbol X); 

force component (see Symbol X); 

constant Table (Appendix IT); 

constant Table (Appendix II); 

constant Table (Appendix II); 

values 

deflection simply supported, uniformly loaded beam, 
term series; 

angular deflection the transverse tangent shell element 
(positive when the tangent rotates clockwise direction) 

change curvature shell element: longitudinal, and 
transverse; 


unit stress; maximum beam stress simply supported 
full pipe; and unit stresses corresponding 
stress components, X3, and respectively; 


¢ 
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angular distance shell element from the left-end edge; 
central angle cylindrical shell sector; Finster- 
walder’s stress function for cylindrical shell sector; 

angular detrusion shell element, caused the shearing 
forces, (positive when positive). 


APPENDIX 


The ten tables Appendix are introduced and explained the text 
the paper. 


INDICES 


+ (ni + na) ri4 0 —2nirt4 2 (ni — na) r 


—(ni— na) +2r —2ner?24 2 (ni + na) r 24 


Common 
factor 


_~ Stress com- 
= ponent or 
deflection 
Stress com- 
ponent 


EtRa* 


7 | +r 
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TABLE do, bo, co, and (aT THE 


Stress 
component 
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1854 
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(a) Symmerricat Loapine 


Qe 


799 
% ae — 0.289 — 1.559 — 0.548 — 1.104 
0.250... — 0.817 — 2.306 — >b.217 — 0.978 
— 1.681 —3.272 — 1.953 — 0.550 
— 2.978 — 4.474 — 2.679 + 0.245 
— 4.748 — 5.867 — 3.273 + 1.421 
— 6.703 — 7.167 — 3.533 + 2.762 
| rere — 7.940 — 7.768 — 3.319 + 3.619 
eee yee — 7.821 — 7.453 — 2.901 + 3.529 
— 7.096 — 6.901 — 2.685 + 3.017 
— 6.634 — 6.641 — 2.703 +2.690 
Ohi5ia0cndawuer — 6.828 — 6.828 — 2.828 + 2.828 
5... — 186016 — 289792 + 16907 
Mcacocsestone — 199.8 — 184.7 — 109.2 + 120.5 
ee — 41.99 — 33.79 — 13.43 + 26.20 
— 14.30 —11.51 — 3.333 + 7.936 
Ieee — 7.570 — 6.946 — 2.287 + 3.327 d 
, ee — 5.996 — 6.154 — 2.510 + 2.237 
— 6.622 — 6.799 — 2.985 + 2.684 
— 7.042 — 7.035 — 2.967 + 2.980 
— 6.828 — 6.828 — 2.828 + 2.828 
eres certs 
| R | R | R | D R 
ven’ — 67.40 — 36.32 — 0.033 
— 14.21 — 6.288 + 1.017 
— 7.159 — 3.654 — 1.323 
— 7.529 — 4.906 — 3.056 
<b — 13.94 — 8.914 — 3.468 
— 12.85 — 7.958 — 2.936 : 
— 11.80 — 7.289 — 2.843 
— 11.90 — 7.502 — 3.108 + 7.502 
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— 17.70 — 8.861 + 1.101 + 13.12 
— 8.120 — 2.998 + 2.212 + 4.676 
— 5.168 —1.514 + 1.906 + 2.241 
— 4.187 — 1.227 + 1.439 + 1.453 
— 4.314 — 1.573 + 0.983 + 1.513 
— 5.080 — 2.182 + 0.712 + 2.043 
— 5.669 — 2.515 + 0.731 + 2.455 
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TABLE 
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(a) Symmerrica, Loapine 
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DISCUSSION 


Am. Soc. (by letter)—That thin shells, 
properly supported, serve very economical structures, has been known for 
some time. Mr. Schorer, for the first time, has introduced into American 
engineering literature the theory such shells which has been developed 
largely German and Swiss engineers. 

Even with the simplifications introduced this paper, the application 
the theory requires considerable computation as, for example, when the struc- 
ture analyzed not complete surface revolution and the loading not 
symmetrical. Such condition occurs the analysis the structure such 
the sector gate shown Fig. 


Water Suriace 


H 


10. 


When applied structure this type, the thin shell theory tends 
show that large stresses may occur the longitudinal supporting members, 
especially the member These large stresses are due the fact 
that the inevitable arch action developed the curved skin-plate causes the 
member bend about Axis 1-1, Fig. 10. Furthermore, stresses the type, 
subject the longitudinal supporting members loads which are axially 
eccentric. combination with the direct water load, these stresses may 
reach large values, especially gates long spans. 

outline, the method attacking such structure that presented 
Fig. perfectly straightforward. The author has shown that the loads 
structure are carried primary system stresses, the membrane system, 
and self-equilibrating system (secondary), the function which 
preserve geometrical continuity. The stresses the secondary system are 
applied along line common the shell part the structure and its 
supporting members. 


“With Reclamation Bureau, Denver, Colo. 
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The stresses and deflections the membrane system are obtained the 
shell were complete surface revolution means Equations (101) 
(110). The stresses and (it assumed now that inter- 
mediate longitudinal members have been removed) are applied the sup- 
porting members reactions, and the deflections and stresses these 
members are obtained the usual manner. general, there will 
differences these stresses and deflections, and the purpose the 
secondary system annul such geometrical discrepancies. the object 
the author derive the stresses and deflections the shell due this 
secondary system. When these stresses and deflections have been obtained 
the shell for the various conditions loading (see Fig. 4), the correspond- 
ing stresses and deflections are obtained for the supporting members. 

general, there will eight elastic equations for the indeterminate 
quantities the secondary system. structure under sym- 
metrical loading, such that treated the author, these equations reduce 
four. 

has reduced the number unknowns six assuming 
that the connection shell supporting member. This condition 
quite possible because the relative rigidities shell and boundary 
member. Corresponding Equations (91) (94) for symmetrical loading 
there would result three sets four simultaneous equations each for the 
determination the constants, and namely: Equation (92), 


all cases, (Equation (91)), would different from zero. With 
the constants known the method procedure follows that the author 
except that for case symmetrical loading and symmetrical structure, the 


equations continuity are, follows: For 


which the subscripts, and refer shell and beam, respectively, and 
the unit stress. When the loading unsymmetrical the edge members 
are not identical, six eight elastic equations are necessary. The equation 
for will set general form using the following definitions: 


Theorie der zylindrischen System von Dr. 
Ulrich Finsterwalder, International Assoc, for Bridge and Structural Zurich, 


0 
and, 
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membrane system w’, deflection beam due membrane sys- 
beam due secondary system and, w’, deflection beam due 
symmetrical and contra-symmetrical system secondary stresses may 
applied. 
For the symmetrical system: 


and, for the contra-symmetrical system: 


Corresponding equations are obtained for and loadings 
tend cause large secondary stresses, and expected, the case 
the sector gate, that these high moments and stresses occur 


Dr. (by general, the computations necessary for 
numerical solution shell problems have heretofore been very cumbersome. 
the special case cylindrical shell long span these computations may 
simplified applying the principles developed and the 
author congratulated his analysis the problem. 

Following Equation (44) the author states: 


“By substituting Equations (38), and (40), Equation (35), and, 
likewise, substituting Equations (42), (48), and (44), Equation (36), 
will noted that two equations are obtained for the determination the 
unknowns, and These simultaneous equations cannot solved 
explicit form.” 

possible derive the explicit form introducing the expression, 
into Equation (29) instead Equation (31), 


which the fourth order and may solved exact methods. The 
shell constants, and are the real numbers the two terms the com- 
plex number, thus, 


The formula offered the writer somewhat different from 
Equation 


5 
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The disparity numerical importance, however,. and is. 
explained the different treatment some second-order terms the funda- 
mental equations the shell theory. disappears entirely Poisson’s ratio, 
made equal zero, assumption that may simplify the numerical 
computations, particularly reinforced concrete shells. The error due 
this assumption will less than that introduced the basic 
the paper. 


Anton (by presenting rather complex sub- 
ject clear and useful form, Mr. performed splendid service 
the profession. The suggested method gives good approximations prac- 
tical value over wide range cases. would interesting investigate 
its degree exactness beyond the limits given the author. 

Working for Dr. Finsterwalder, the writer has used other practical simpli- 
fications his theory, the results which checked well with those the 
accurate method. Deformations may calculated for statically determinate 
membrane stress conditions, such are impossible manifold statically 
indeterminate systems. Consequently, these deformations are eliminated 
the for the latter system. The unknown and 
values the indeterminate system are obtained from elastic equations con- 
forming the edge conditions. Where the differences numerical values 
trigonometric functions the angle, give inexact results, the equations 
for deformations are expressed power series with the angle, the 
argument. these, and his trigonometric series, Dr. Finsterwalder 
neglected terms higher order. decreased the degree statical inde- 
terminacy pairing vertical and horizontal force component with 
moment, such manner that full restraint obtained the edge; or, 
other words, that the direction the tangent the cross-sectional curve 
the edge remained fixed. the second series calculations the tangent 
assumed rotate freely. After the degree actual restraint determined, 
the values already obtained are re-adjusted accordingly.. When considering 
roof shell problems the value, Ne, the edge can often neglected because 
its rather small size compared with loads acting the edge. 

The author’s corrected values, and given his Equa- 
tions (70), (72), and (73), should used Finsterwalder’s 
accurate method. 

very clear and almost popular explanation the edge problem was given 
whose name second that Finsterwalder connected with 
the development the bending theory cylindrical shells. Valuable biblio- 
graphy the subject has been listed Mr. Floris his discussion” 
paper Coyle, Am. Soc. The fundamental equations and 
principles the author’s paper were given and discussed Savage.” 


Kreissegmente,” von Riisch, pub. Noske, Borna-Leipzig, 1931. 

Transactions, Am. Soc. E., Vol. (1930), 1173. 

Concrete and Constructional Engineering, Vol. XXV, 1930, 490. 
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Using his accurate theory Finsterwalder™ has computed the stress 
values, and for the roof the Central Market, Budapest,” 
Hungary. The roof constructed cylindrical barrels span, 136 ft, 
shells combination with edge members, the cross-section which 


Longitudinal = 


Edge Member | 


CROSS SECTION 


BARREL 


Tons per Foot 


STRESSES 


L 
forz=> 


2 


(d) STRESSES 7, 
=0 
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(e) MOMENTS M, 
Fore =0 


Foot-Pounds per Foot 


Fic. COMPONENTS BARREL SHELL. 


shown Fig. 11. graphic picture the meaning the shell stress 
components, discussed the author, given Fig. (b), (c), 
and (e), which the solid-line curves denote values determined the 
accurate theory (considering the first two terms the Fourier series); and 


Archiv, Vol. IV, 1933, 57. 
Architectural Forum, Vol. LX, May, 354. 
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the broken-line curves denote values determined for the membraneous 
dition. The stresses are given for and with reference 


Fig. the paper. 

The thrust, the transverse direction the shell, according Equa- 
tion (101) for the membrane system, direct function the radius and 
the load the shell. These values are indicated broken line 
Fig. and are nearly constant over the width the barrel. The thrust, 
the statically indeterminate system indicated solid line. has its 
maximum value the crown the barrel and decreases small value 
near the edge members which are too slender take amount 
horizontal force. The resulting maximum thrust the crown greater 
than the statically determinate thrust required carry the given load. The 
excessive crown thrust results increased carrying capacity the crown 
portion where the shell acts support for loads from other parts the 
shell. The supporting action the crown and the edge members also 
expressed the moment line, the arched plate where negative restrain- 
ing moments appear the crown and the edge members. The bending 
moments are small, however, because small spans only between narrowly 
spaced ideal supports have bridged bending action. Furthermore, 
only part the load will cause bending the other parts are carried the 
thrust directly. The thrust, toward the edge members decreased 
shearing forces, transferring the loads transverse end stiffeners. The 
(Fig. 11(b)) shows compression the shell and tension 


the edge member, distribution which could expected for such “T-beam 


with curved flange.” 
The limiting equation for the author’s method Equation (46), 


the method which the writer has referred “Finsterwalder’s 


accurate theory,” the longitudinal bending moment, the corresponding 
shearing stress component, and the torsional moment, (see Fig. 3), 
are neglected. This simplifying assumption does not influence the results 


the example which the stress diagrams Fig. apply, the 


equal to.4.15 and the author’s method will give practically the same curves. 
For which shell very great radius, has transverse end stiffeners 
quite close together, even the results Dr. Finsterwalder’s ingenious theory 
will become 


Dr. Inc. (by clear and interesting contri- 
bution the problems cylindrical shells, and one that will useful for 
the designing engineer, contained this paper. methods are use 
simplify cumbersome numerical computations connection with the 


Engr., Dyckerhoff Widmann, G., Berlin, Germany. 
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Accurate stress values are obtained the use simplify- 
ing hypothesis; namely, that for each case unit loading the relationship 
between the work deformation the bending stress components and the 
direct stress components constant for all proportions shell. With 
the help this hypothesis possible arrive stress values for given 
shell from stress values cases that have been computed the use the 
rather cumbersome formulas the writer’s theory. 

The writer neglected bending moments the direction the generatrix 
the cylindrical shell. The solution proposed Mr. Schorer neglects, 
more less, the bending resistance the cylindrical shell the direction 
the generatrix, and also the influence the stress components, and 
the work deformation. For shells with widely spaced transverse stiffen- 
ers and small widths the author’s solution will accurate. The rise 
the cylindrical segment will then comparatively small and the stress com- 
ponents, and will not play important part the work deformation. 
However, for very wide cylindrical shells, and although the distance between 
end stiffeners may considerable, the influence and will notice- 
able, and Mr. Schorer’s solution may become inaccurate. 

Professor Dischinger has worked the problem, and has recently 
found the exact not more complicated than the writer’s 
theory, although Professor Dischinger was able eliminate the simplifying 
assumptions the writer. 


many readers are reluctant follow through series difficult mathematical 
derivations, the writer fears that, many cases, only the “Synopsis” and 
“Conclusions” this excellent paper will read. The wording the con- 
cluding remarks may niisleading the average engineer unless they are 
read part the whole subject. 

The fact that the proposed method shell design termed approxi- 
mation does not mean that will unsafe use this method for practical 
applications, especially one considers that the established formulas 
structural design for use standard steel and reinforced concrete structures 
involve much higher degree inaccuracy than the method presented 
Mr. Schorer. His results are within small percentage the elastic theory. 
They become less accurate cases where the stiffening supports are narrowly 
spaced. However, exact solution that case will less necessary; 
would interesting mathematical physicists, but less engineers, since 
structures small spans usually not justify great amount intricate 
engineering computations. 

Good agreement between theory and practice was recently found the 
results full-sized loading conducted during the demolition 
cylindrical barrels the Century Progress grounds, Chicago, 


strenge Theorie der Kreiszylinderschale ihrer Anwendung auf die 
von Prof. Dischinger, Beton und Eisen, Vol. 34, August, 1925. 


Engr., Chicago, 
Engineering News-Record, November 635. 
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Assoc. Am. Soc..C. (by interesting 
outline for the analysis sector gate contained the discussion Mr, 
Silverman. steel structures this type, with comparatively surface 
loads, may become necessary make provisions against buckling the 
skin-plate longitudinal and radial direction, depending the 
dimensions. rule, the shell comparatively stiff the longitudinal 
direction and the rim-bending stresses are limited narrow zone along the 
stiff end members. For this intermediate longitudinal members, 
shown Fig. could probably eliminated. However, the danger 
buckling radial direction would require closer investigation since the 
resistance the arch reduced the large radial bending moments, origi- 
nating from the heavy longitudinal edge member 0.. The necessary 
stiffness radial direction can obtained the provision small radial 
ribs, welded the skin-plate, perhaps combined with few 
the center zone long spans. 

Dr. Fliigge’s solution for and explicit represents desirable 
improvement and will welcomed those interested mofe exact 
analysis the problem. Mr. Tedesko contributes illustration 
the stress components the roof the Market Hall, Budapest, one 
most outstanding shell structures. 

The writer greatly indebted Dr. Finsterwalder for pointing out the 
exact solution the entire problem, recently published Professor 
Dischinger™, which enables the designer include the stress components and 
simplifications neglected thus far. also includes anisotropic shells (that is, 
shells with non-uniform bending resistance different directions), such 
those introduced series radial longitudinal stiffening ribs. 

The discussion Mr. Seidensticker encouraging and his reference the 
full-sized loading tests Chicago very timely. The excellent behavior 
these structures under non-symmetrical loadings appears striking contrast 
the expectations derived from pure arch action. 


Gen. Borsari Tank Corp., America, New York, 
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UNDERGROUND ‘CORROSION 


Synopsis 


Underground corrosion shown economic importance the fact 
that associations pipe owners and pipe-owning corporations are spending 
considerable sums for the study problems. The underground 
pipes the United States have been estimated have length 
miles and value nearly The annual loss due under- 
ground corrosion pipe lines the oil industry alone has been estimated 
$25 000 000. 

Soil corrosion characterized the uneven distribution the corrosion 
and the fact that most ferrous pipe materials corrode nearly the same 
rates. The major cause the corrosion seems non-uniformity the 
distribution, oxygen and moisture along the surface the pipe line. 

Among the methods suggested for reducing corrosion losses are the use 
copper and copper alloy pipe which corrode less rapidly than ferrous 
materials; increasing the thickness the pipe walls; and the use 
protective coatings. 

Soil corrosivity surveys are suggested means for determining the 
need for protective coatings. Some the weaknesses coatings are noted 
and cathodic protection suggested means improving the effectiveness 
Appendix are listed some more important recent 
articles underground corrosion and related subjects. 

this paper has been the Director the Bureau 


Standards the Dept. Commerce. Presented the meeting the Sanitary 


Engineering Division, New York, Y., January 18, 1934, and published March, 1935, 
Proceedings. 


Underground Corrosion Section, National Bureau Standards, Washington 
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recent compilation gives the amount underground trunk and 
tion mains the United States miles, having estimated value 
nearly addition, there are approximately 
gas-service pipes and probably least equal number water services, 
estimate has been made the mileage underground pipe use for 
waste disposal, but will approximate that used for water services. The 
amount and value the ferrous material exposed the action soil, there- 
fore, are enormous, and even moderate reduction the rate deterioration 
underground pipe lines important. 

Carl Weidner, Assoc. Am. Soc. E., estimated the annual 
loss the pipe industry account underground corrosion, $50 000 000. 
Presumably, this value refers oil lines, and so, should multiplied 
least three represent the losses all underground pipe. view the 
large losses sustained gas and oil companies account underground 
corrosion and the efforts which these organizations are making reduce 
these losses, little surprising that equal attention the subject not 
given the owners lines carrying water. Aside from the unlikely explana- 
tion that water lines not corrode, several others might offered. 
general, the owners water pipes are not well organized fight corrosion 
since they consist largely independent municipalities and individuals. 
Water mains usually have greater wall thickness than gas mains the same 
diameter and, will shown later, wall thickness important factor 
pipe life. Moreover, water leaks the same magnitude are less serious than 
leaks oil gas because the damage which the latter cause property 
and because the fire and explosion hazard accompanying gas leaks cities. 
The tendency use thinner-walled pipe and place expensive pavement over 
distribution mains makes more important reduce the corrosion losses 
minimum. 

first, was customary attribute all underground corrosion cities 
stray-current electrolysis. The improvement operating conditions 
some street railways and the abandonment street-car lines have focused 
more attention soil conditions. 


CHARACTERISTICS AND Causes UNDERGROUND 


The findings the National Bureau Standards with respect the 
soils have been presented various ways and numerous occasions. 
The repetition four major conclusions herein not for the purpose 
imparting new information, but establish basis for the discussion the 
reasons for the suggestions made this paper. 

Briefly, the Bureau has found: First, that the differences the rates 
corrosion the commonly used ferrous pipe materials are the same 
order magnitude those different the same material; and, 
second, that the character and seriousness soil action vary with the soil 


Weidner, Proceedings, Am. Petroleum Inst., Vol. 12, Pt. (Production 
Bulletin 308). 


812 

lig 
. 

ill 
Ww 


UNDERGROUND CORROSION 813 


condition which the material exposed. This latter variation great 
that appears much more important factor than the choice ferrous 
pipe material. and are views 6-in. lengths 1}-in. pipe 
three different materials. (If the reader will face toward source direct 
light, preferably sunlight, that the captions Figs. and are 
his right, the pitted condition the pipe surface will apparent. the 
are reversed the pits will appear projections.) The similarity 
the corrosion pattern the three materials the same soil shown, 
the difference between the patterns different soils. The wide difference 
which may occur the rates corrosion the specimens the same 
material the same soil illustrated Fig. The third characteristic 
soil corrosion which must considered that the rate corrosion after 
pipe has been exposed soil for several years considerably less than for 
the first period exposure. fourth characteristic underground corrosion 
(which not only great economic importance, but suggestive the cause 
corrosion) the unevenness the distribution the corrosion over the 
surface the buried metal. Sometimes length section pipe pene- 
trated only one point, whereas almost corrosion found elsewhere 
the section. The pitting usually confined the bottom the pipe, but 
occasionally the most severe corrosion found the sides top. 

The most interesting characteristic underground corrosion the irregu- 
lar spotty nature the attack. The loss material such usually too 
small importance were uniformly distributed over the pipe 
surface. will helpful, understanding these findings, construct 
least tentative explanation underground corrosion processes. 

When the electrolytic theory corrosion became generally accepted, the 
first explanation offered for the formation pits the pipe surface was 
impurities segregations the pipe material. This conclusion was sup- 
ported the fact that where impurities were known exist, differences 
electrical potential between the impurities and the metal could measured. 
was shown that there was difference potential between oxidized metal 
mill scale and bright iron, and strains metal were also shown result 
differences potential. was logical assume that these potential 
differences resulted corroding currents when the metal was exposed 
electrolyte. course, other differences potential were observed when 
different metals, two varieties the same metal, were metallic contact. 

The mistake that has been made not reasoning but evaluating the 
importance the conclusion. There can little doubt that some corrosion 
results suggested, and that under some conditions one these causes 
corrosion the controlling one. When materials are buried soil, however, 
and under some other conditions well, other causes corrosion are more 
important. 

The influence corrosion causes external the pipe was brought 
forcibly the attention the observers the Bureau Standards when 
the first specimens pipe were examined after approximately two years 
exposure widely different soils, and illustrated Figs. and 
was observed that certain soils the corrosion took the form isolated pits 
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with sharp margins. other soils the corroded areas took the form rather 
large shallow depressions with well-defined boundaries. one soil the 
removal metal was very uniform over the entire exposed surface. Differ- 
ences the quantities and distribution the impurities strains might 
account for these differences corrosion. That this was not the correct 
explanation was shown the fact that, almost without exception, whenever 
Bessemer steel showed one form corrosion, pure open-hearth iron, wrought 
iron, and specimens Bessemer steel from another rolling mill showed 
similar corrosion patterns. therefore, the corrosion pattern 
primarily function the soil condition, and minimum extent only, 
characteristic the material. Although this observation was made public 
1927, and has been many times, its importance still not fully 
appreciated. 

Not infrequently the Bureau Standards asked what the life 
certain type pipe material. This will depend the thickness the 
pipe wall and the type soil which exposed. will also depend 
the exposed and the definition pipe life. Sometimes the inquirer 
has mind the time until the first leak develops; others wish know how 
long the pipe can kept service economically, which, course, depends 
partly the cost repairs. certain soils 8-in. steel oil lines have begun 
develop leaks within six years after construction, although such early leaks 
are few. other soils pipes have remained service from more than 
273 years. Only small percentage the soils the United States are 
severely corrosive, but the individual corrosive areas are small extent and 
widely distributed. 

inadvisable therefore, attempt protect the entire length 
long line against corrosion unless the consequences few leaks would 
very serious. Since underground corrosion largely the result certain soil 
characteristics many attempts have been made correlate corrosion with 
soil properties and develop methods for identifying corrosive soils. The loca- 
tion corrosive soils along pipe line commonly known soil corrosivity 
survey soil survey. The latter name unsatisfactory because has 
been previously used the Department Agriculture indicate the identi- 
fication and mapping soils with respect their physical appearance. Soil 
corrosivity surveys will discussed subsequent section this paper. 

Soil Characteristics That Determine the Form and Rates Corrosion.— 
the course investigation the relation pipe-line currents 
corrosion, noted that the soils which corrosion was most 
active were lower electrical resistance than the adjacent soils. The lower 
resistance could accounted for higher percentages water soluble 
salts. course, these differences would appear complete soil analyses, but 
were obscured other data. 


Scott, Proceedings, Am. Petroleum Inst., Vol 204. 
Line Currents and Soil Resistance, Local Corrosive Soil 
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not inferred from the fact that soils low resistance are 
that the corrosivity proportional the conductivity the soil 
that the conductivity the soil itself the cause the corrosion. 
appears, however, that the conductivity the soil either factor 
associated with some soil property which influences and controls 
the corrosivity the soil. Although soils low electrical resistance are 
usually corrosive, exceptions are known, and some soils having high resistivity 
are quite corrosive. Therefore, must concluded that while accordance 
with the electrolytic theory corrosion the conductivity the soil factor, 
some instances, other factors are more important. 

After study wide variety soils, concluded that 
there was relation between the acidity and the corrosiveness soils. 
However, the case the resistivity-corrosion relation, cases were found 
which the correlation was unsatisfactory. Investigators are thus led the 
conclusion that soil acidity factor affecting the rate corrosion, but that 
not all cases the controlling factor and, perhaps, not the fundamental 
one. 

Consideration underground corrosion phenomena occurring under widely 
different conditions leads the conclusion that there are several, perhaps 
numerous, factors which modify the more fundamental causes corrosion. 
unpublished communication the Corrosion Committee the Ameri- 
can Petroleum Institute Denison introduces his discussion corrosion 
acid soils, follows: 

“Corrosion ferrous metals soils may assumed generally originate 
differences potential between parts the metal surface accessible 
the oxygen the atmosphere and other parts from which air completely 
partially excluded. According this explanation, corrosion occurs the 
points contact between metal and soil which are anodic adjacent areas 
more accessible air. This general statement the ‘differential aeration’ 
theory may used basis for understanding the various forms corro- 
sion which are encountered pipe line operation and explain the marked 
differences which have been observed the corrosiveness soils.” 

The importance oxygen concentration was first realized 1916 
although the creation electric currents variations oxy- 
gen concentration was observed much earlier date. The importance 
the phenomenon has been pointed out Evans,’ number papers. 
Evans, however, has confined his attention largely atmospheric and under- 
water corrosion which does not involve many uncontrollable factors. 

now seems probable that the electrolytic theory will account for observed 
corrosion underground assumed that the impelling differences 
potential originate largely differences oxygen supply various points 
the surface the buried metal, and that the potentials, the conductance, 

the path over which the corroding current flows, both, are modified 
secondary reactions such polarization and the deposition corrosion 
products. 


“Corrosion Ferrous Metals Acid Soils,” Denison and 
Journal Research, Bureau Standards, Vol. 125 


Transactions, Am. Electrochemical Soc., Vol. 449. 
Corrosion Metals,” Evans, Edward Arnold Co., London, England. 
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The decrease the rate penetration with time manifested 
Bureau Standards specimens and number pipe systems for which 
records have been kept, can explained the protective effect the corro- 
sion products that are formed, the restriction oxygen resulting from 
the settling the soil the trench and the increased uniformity trench 
conditions. The determination which change the more effective 
important since, will shown later, factor decisions the 
effectiveness protective coatings. 


logical and complete, this paper should contain section dealing 
with the estimation rates corrosion and their relation the useful 
life pipe. helpful, such discussion would have long, since 
the problem complicated one. The writer has chosen, therefore, avoid 
this subject for the present and proceed directly discussion the 
tion corrosion losses. The proposed methods follow from the ideas set 
forth the preceding section. The recommendations follow the form the 
ancient and well-known recipe for the cooking hare. 

Soil Corrosivity one should first catch the hare, should 
the engineer first locate his corrosion. The most serious corrosion, course, 
will locate itself, but soon the engineer surprised the first leak 
his line, begins wonder how much the line about fail. 
Experience indicates that many miles line have been needlessly uncovered 
and reconditioned because the owner feared that the first few leaks would 
followed others with increasing frequency. result investigations 
the Bureau Standards, based the principles underground 
which have just been enumerated, several practical methods have been devel- 
oped which the pipe-line operator can determine the point most serious 
corrosion. The principles and limitations the older and more frequently 
used resistivity test have been described The method has been 
tested widely separated sections the United States under several soil 
conditions. all cases has been the means locating some the 
corrosive areas. Ewing made study the corrosiveness soils 
along the right way oil line one the Central States, using 
several methods for testing the soils and comparing the results with’ the 
replacement records for the pipe concluded that neither soil resis- 
tivity nor soil acidity alone satisfactory indicator soil corrosivity and 
found that combining the two tests with information soil types 
useful result could obtained. also developed formula for determining 
what part line should protected against corrosion and method for 
determining the economic value soil corrosion surveys. 

scarcely expected that any correlation soil conditions 
specific time with the corrosion occurring the selected point throughout 
extended period time can perfect, since the action the soil 
modified the effects temperature, oxygen, and moisture supplies, and 
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local conditions which often cannot recognized. Moreover, methods 
for controlling corrosive conditions are much improved, the corrosiveness 
the soil cannot expressed single value. When such value available 
must understood that average and that individual cases the 
observed value can expected greater less considerable per- 
centage. Nevertheless, values for corrosiveness are quite useful and soil sur- 
which indicate even general way that the soil question not 
corrosive, mildly corrosive, very corrosive, may more than justify their cost. 

seems probable that pipe line traversing open country laid 
reconditioned, systematic soil survey competent engineer will 
justified. the line traverses territory which the soil conditions 
have been seriously modified Man, city streets containing fills foreign 
material, sewer leaks, discharges from chemical plants, the pipe lies 
beneath pavement, the economy somewhat more doubtful, 
although success under these adverse conditions has been reported Smith.’ 
For the benefit those who wish study the subject, list the more 
important recent articles soil corrosivity surveys the 
Appendix. 

Although probably less than 10% the underground pipes the country 
corrosive soil, likely that any extensive corrosion survey will locate 
one more places where reduction the possible corrosive effects the 
soil seems desirable. The engineer then faced with the choice method for 
maintaining his line one more The preferable method 
will depend local conditions. Since corrosion underground has been 
attributed variations the supply oxygen different points along the 
line, obvious method preventing secure uniform conditions with 
respect oxygen. Unfortunately, the application this principle limited. 
bury pipe deeply helpful unless the change soil character and mois- 
ture with depth unfavorable. Likewise, uniform tamping the soil 
conducive uniform conditions. has been suggested that the laying 
pavement over the pipe would reduce the oxygen supply and, consequently, the 
corrosion. This may true only the entire line under pavement; other- 
wise, one might expect galvanic action between the pipe beneath the pavement 
and that unpaved streets, with the corrosion occurring under the pave- 
ment because the smaller quantity oxygen there. Refilling the trench 
partly with less corrosive soil has been tried, but reports the effective- 
ness the treatment are known the writer. 

Selection demand for less corrodible pipe material 
perennial, and variety ferrous alloys have been offered meet this 
demand. The results the investigation the Bureau Standards not 
encourage hope this direction the cost the material considered. 

possible that ply-metal pipe having corrosion-resistant metal 
the outside may developed which will not too costly for use under condi- 
tions which the renewal the pipe would expensive. Copper and high 
copper alloys resist nearly all soils better than ferrous materials and are 


Practical Soil Corrosion Survey with Shepard Soil Corrosivity Rods,” 
Smith, Proceedings, Am. Gas Assoc., 1932, 790. 
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being used successfully for pipes small diameter. However, very thin 
copper sheet used shield for bituminous coatings has failed under some 
soil conditions. 

Those demanding more resistant pipe materials may well consider 
the significance curves representing the change rate penetration with 
time has been previously mentioned. Whatever the cause for the decline 
the rate pitting, there can little doubt that many soils this decline 
great that corrosion penetrates but slowly after the first few years. 
such soils the failure pipe lines could minimized providing wall 
sufficient withstand the initial attack and the subsequent slow penetration. 
many instances the wall thickness required for unusually long life 
before penetration, does not appear prohibitive. may better 
engineering provide extra wall thickness rather than invest corrosion- 
resistant materials protective coatings. 

Experience has shown that the life many protective coatings rather 
limited. possible, however, that the usefulness short-lived coatings 
has been under-estimated. the decrease the rate corrosion previously 
referred largely the result the settling the back-fill the trench 
(that is, the establishment more nearly uniform conditions along the pipe 
with respect its contact with the soil and the supply moisture and 
oxygen), coating which will last until these conditions have been established 
will eliminate that part the corrosion-time curve which represents the period 
rapid corrosion and will greatly extend the life the pipe. 


Penetration in Mils 


Years of Life 
SUSQUEHANNA CLAY, MERIDIAN, MISS. 

The effect increase the thickness the wall small pipe and 
the service performed temporary protective coating such pipe can 
both seen studying Fig. the solid part which shows the maximum 
penetration-time relation for wrought-iron and steel specimens Susque- 
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hanna clay near Meridian, Miss. This curve offered not representative 
corrosion all soils, but only illustrate the action one soil with 
respect ferrous metals. the conservative side the curve has been 
extrapolated straight line, although may bend downward because 
the protective effects corrosion products. 

Consider the corrosion water service pipe the wall thickness 
which 0.11 in. traverses stratum Susquehanna clay, common 
Southern soil with stiff, plastic, red, heavy clay subsoil which becomes mottled 
the lower part with gray, bluish gray, red, and yellow. Fig. 
that the wall this pipe will punctured little less than yr. 
extra strong pipe, with wall thickness 0.154 in., 40% greater, used 
the life the pipe should approximately yr, nearly twice long. 
the standard pipe galvanized protected bituminous coating which 
will prevent corrosion for (the period represented the steep part 
the curve), and the corrosion decreases, only because the settling the 
trench suggested previously, corrosion will begin the end the 5-yr period 
and progress indicated that part the curve beyond the 5-yr 
point. Under this hypothesis, the application the coating equivalent 
(for corrosion-resisting purposes) the addition mils mil 0.001 in.) 
the thickness the pipe wall, and the expected life the pipe extended 
from yr, indicated the intersection the horizontal line 
representing 110 mils with the pitting-time curve. Thus, coating 
lasting may extend the life pipe yr. 

must remembered, however, that any conclusion only valid 
the premises which based. improbable that the decrease the 
rate corrosion solely the result the settling the back-fill. Probably 
the formation corrosion products plays important part. the settling 
the trench has effect, when the coating fails, corrosion begins 
newly laid pipe and the extension its life the coating equivalent only 
the life the coating. Probably the actual condition lies somewhere 
between the two extreme assumptions. The chief purpose the present 
discussion call attention the need for more complete and definite 
data corrosion processes. Until such information available the safe course 
provide much protection for buried lines can justified. 

Protective Coatings.—The idea common that moderately good coating 
satisfactory for moderately corrosive soil. There fundamental rela- 
tion, course, between the rates deterioration coating and pipe 
since they are quite different materials and deteriorate for quite different 
reasons. The period effectiveness necessary justify the use coating 
longer mildly corrosive soil than severely corrosive one. 
coating costs 10% the cost the line and prolongs the life line 
from little more than yr, pays for itself; but lasts the 
same length time line which would last without the coating, 
has increased the life the line only cost 10% plus the interest 
the additional investment. Recently, water-works engineer planning 
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line having estimated life, bare, yr. little thought will show that the 
interest paid the initial investment for the coating will double that 
investment several times the course the life the line, and that the cost 
per year the protected line will considerably higher than would have 
been without the coating. 

1924, the Bureau Standards buried considerable number speci- 
mens galvanized and lead-coated pipe variety soils. These coatings 
have deteriorated slowly and until recently has not been possible make 
statements practical value regarding their usefulness. The data 
the corrosion galvanized steel indicate that the protection afforded 
the zine coating ascribed the low corrodibility that metal 
rather than the fact that the zinc anodic steel. Tests coatings 
zinc applied pipe and sheet steel indicate that rust spots may expected 
few soils within yr, whereas other soils more corrosive with respect 
steel, rust will not appear for yr. 

this time definite relation between any soil characteristic and the rate 
corrosion zinc has not been recognized. Some acid soils appear 
attack the coating, whereas other soils having higher acidity not seriously 
affect it. one severely corrosive alkali soil zine coating failed 
within yr. less corrosive alkali soils, however, the same coating has 
shown much more satisfactory resistance.’ 

comparison the rates penetration lead-coated steel and plain steel 
does not show, definitely, increased rate corrosion the steel after 
puncture the lead because electrolytic action between the two metals. 
Sometimes, the punctured lead coating appears corrode more rapidly than 
bare steel and sometimes less rapidly. Whether the differences the rates 
corrosion are accidental whether they are the different 
electrolytes not known. 

Research bituminous pipe coatings has been handicapped the 
inability the Bureau keep the same man the problem continuously. 
Most the bituminous coating work the Bureau has been done research 
associates supported the American Gas Association and the American 
Petroleum Institute. The results their work will much more valuable after 
later examinations coatings which they have had exposed soils since 1929 
and 1930. These results are most directly applicable steel pipe lines 
moderate diameters. The recommended treatment for these lines may. require 
some modification before they are suitable for service pipes, cast-iron pipe, 
pipes large diameter. 

The work indicates that the failure properly bituminous coat- 
ings usually caused stones earth clods. The remedy indicated 
shield reinforce the coating layer rather stiff material, such 
roofing felt. For soils that are destructive organic fabrics, 
asbestos reinforcing material preferable. yet, the lives the better 
types bituminous coatings have not been determined. However, sufficient 
number specimens have been buried yield satisfactory data coating 
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life the project can continued over the period time necessary for 
adequate exposure the coatings. 

Several satisfactory methods for determining the condition pipe coat- 
ing have been developed, but entirely satisfactory accelerated test for 
coatings has been proposed. While the desirability buying coatings the 
basis performance specifications has been recognized, such specifications 
are general use and the lack convincing data makes the writing such 
specifications, this time, difficult and unsatisfactory. 

1933 electrical was developed whereby the application 
continuous coating could insured. The writer had opportunity test 
coating which had been applied meet this continuity test. After 
the coated pipe had been laid the ditch and covered, the test indicated that 
one more bare spots had developed. other words, the benefits the 
application the coating had been lost large extent because 
careless treatment the coated pipe. 

The purchaser pipe coating should consider not only whether its 
fundamental properties are satisfactory but also the probability getting 
the ground satisfactory condition. the size weight the 
pipe section great that cannot handled commercially without injury 
the coating, the advisability the coating least debatable. 

Cathodic method treating coated pipes has 
been developed within the last few years which, under favorable conditions, 
protects the abraded parts. This known cathodic protection and has been 
well described and Thayer.” Essentially, the method con- 
sists maintaining negative charge the pipe line with respect 
the adjacent earth means superimposed current supplied 
rectifier. The economic success the method depends the insulating 
properties the protective coating. the coating impervious moisture 
and has not been broken too many places, inexpensive amount cur- 
rent may prevent corrosion. protection bare lines, coated 
lines metallic contact with bare lines, not feasible because the amount 
current required. 
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The purpose this paper primarily show the status the fight 
against corrosion. the statements that have been made herein regarding 
rates corrosion have been indefinite, and the suggestions methods 
reducing corrosion have been vague, because the collection satisfac- 
tory corrosion data necessarily slow and expensive. definite plan study 
has been outlined students corrosion, and definite progress has been 


made. The continuation the work for few more years should yield definite 
results, 
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DISCUSSION 


tion the corrosion study being conducted the National Bureau 
Standards, presented this paper. spite the fact that metal pipes 
have been used underground the United States for more. than 
century, the investigation the corrosive effects soil had not been given 
the attention deserved until investigators the Bureau began their studies, 
which were based long-time plan and covered number different types 
soil. some the tests conducted prior this development, changes 
management the personnel resulted either discontinuing the test 
the loss some the data that would have been useful interpreting 
the results. The tests the Bureau Standards have been based 
definite plan and from the very beginning have been under the direction 
one man continuously thereafter. 

The impetus responsible for the intensive study soil corrosion was prob- 
ably furnished the fact that oil and gas lines installed the early days 
cross-country transmission were beginning show signs deterioration. 
Many these lines were laid soils that were more corrosive than soils 
other sections the country where pipes considerably greater age were 
still giving service. These older pipes rule were cast-iron water mains 
and gas mains and had wall thicknesses excess that the pipe used 
for gas and oil transmission lines. 

The original idea behind the tests the Bureau was not develop infor- 
mation concerning relative merits pipe materials when exposed soil cor- 
rosion, but rather determine the corrosive qualities soils. However, the 
use number types ferrous pipe specimens the work has led some 
engineers use the data for the comparison materials. the con- 
tinuation the tests described Mr. Logan, some future time, may 
warrant drawing conclusions relative lives materials under similar 
soil conditions, would seem wise this time reserve judgment this 
phase the problem until more data are available. cannot stressed 
too strongly that this work really pioneer work and, although consider- 
able value, great care should taken using data that are necessarily based 
short-time testing. 

One the dangers avoided the use these soil corrosion data 
attempt this time develop any hard and fast rule regarding pipe- 
line depreciation. The best guide what depreciation actually occurs 
examine specimens removed from the property under consideration. The 
attempt correlate any given soil with one the soils presented the paper, 
without having intimate knowledge soils, may lead one far astray. Even 
more serious error would result from attempting predict depreciation 
according the geographic location pipe; for instance, one the most 
corrosive soils under test peat. The only test specimens buried this 
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particular soil the original tests happens Milwaukee, Wis. How- 
ever, very few the pipe lines service Milwaukee are actually laid 
peat soil consequently, any one examining the data and predicting life 
for Milwaukee pipe based the specimens Milwaukee would very much 
error. 

addition valuing pipe lines the data may finally come into use the 
selection materials for underground pipe construction. Under some con- 
ditions longevity much more importance than under other conditions. 
For instance, gathering line oil field that has limited life need last 
longer than the field. the other hand, water line city street 
would properly considered permanent necessity. The economical angle 
varies also with location. Maintenance, reconditioning, re-laying cross- 
country lines comparatively short intervals may satisfactory from the 
standpoint the operator the lines, because the fact that such lines are 
open country and the excavation costs are relatively small. the case 
lines city streets, conditions are reversed. The cost the work high 
because the existence pavements. rule the lines can only shut 
down great inconvenience the consumers. addition the cost feature, 
the effect public relations repeatedly opening streets very bad. The 
net.result that greater expenditure provide additional life warranted 
for water and gas main construction within cities. 

When further experience becomes available, the use soil surveys deter- 
mine the amount and type protective coating may develop 
regular procedure from which tangible results may expected. doubt- 
ful soil surveys within cities will particularly useful. many cities 
street grades have been changed filling with cinders, ashes, slag, and vari- 
ous types waste material more less corrosive nature. other 
cities, the construction pavements and the installation sewers, conduits, 
and other underground utilities may have disturbed the soil that 
longer resembles the natural soil that particular region. 

The tests coatings discussed the paper have not been process long 
enough make possible draw any conclusions which type coat- 
ing would suitable for all conditions. The general conclusion can 
drawn, however, that difficult predict what additional life may ex- 
pected when any the ordinary coatings are used. Coatings which, 
themselves, might appear satisfactory are often disturbed during installation, 
and although the coating that remains the pipe may effective, much 
may removed, with the net result that corrosion may still continue 
its destructive work. The fact that the tests have shown that the rate cor- 
rosion decreases with time would indicate that one the best means 
prolonging the life pipe provide additional wall thickness. The 
advantage additional wall thickness over coating that the thicker pipe 
needs special handling avoid loss its added 

When one considers that hundreds millions dollars pipe lines are 
now service underground, one cannot help but impressed the necessity 
for developing information soil corrosion. hoped that the 
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Bureau Standards will able continue its investigations and that from 
time time new specimens and new may brought under the test 
the end that, some future time, soil corrosion data will 
that they can used the Engineering Profession both valuation and 
design work the same extent other scientific data. 


important factual summary the principal findings the field under- 
ground storage, contained this paper. The writer full accord with 
Mr. Logan’s interpretation the facts revealed the soil corrosion study 
practically all phases the work. Certainly, this problem now much 
better understood than before the work the National Bureau Standards 
was started. 

The main comments that can made the writer, except praise the 
work, urge that continued and that extended include vary- 
ing the conditions for the chief types soils which pipe are now being 
used. Mr. Logan has shown that there marked similarity the corrosion 
the various ferrous metals buried the same locality. the localities 
where the samples pipe are now buried, likely that such factors 
moisture, temperature, penetration oxygen into-the soil, and acidity the 
soil, are the same for samples buried certain point, although they vary 
for different localities. one knows definitely the effect varying the mois- 
ture and other factors that influence the rate corrosion. 

Another series tests might well undertaken with provisions for vary- 
ing most not all the factors influencing the corrosion. Part the soil 
should covered represent pavement. Other parts should subjected 
artificial impervious stratum should constructed under 
another section the soil that some samples may permanently under 
water the soil, others under water part the time and out water part 
the time, and other samples out the water all the time, except for the 
moisture received from rains from capillary attraction. These are few 
the variables that should studied. 

likely that soils have been selected already which vary widely mois- 
ture content, temperature, acidity, but there are many factors influenc- 
ing the results that the effect each factor for each type soil should 
studied. This implies costly experimentation, but the enormous value 
pipe now buried the ground and gradually depreciating value, due 
corrosion, justifies the expenditure very substantial sum obtain full 
information the subject. 


Ese. (by gradual accumulation 
information soil corrosion and the growth knowledge the subject 
result studying the data are well described this paper. The theory 
differential aeration probable major cause soil corrosion appar- 
ently supported many the.observed and recorded facts and, fully 
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substantiated, may prove great usefulness forecasting what likely 
occur under given set conditions. also suggests some important possi- 
bilities with regard the value protective coatings prolonging the life 
pipe buried corrosive soils. 

the references the paper the observed reduction the rates 
corrosion and the causes this phenomenon, there seems assump- 
tion that special abnormal conditions should sought account for the 
shape the curves that show decreasing rates penetration with increasing 
life. consideration assumed set ideal conditions would seem 
indicate that the decreasing rate penetration might regarded normal, 
rether than abnormal, phenomenon. 

The ideal conditions suggested are that: (a) The source the electro- 
motive force causing the pitting remains constant; (b) the resistance the 
path the current through the earth, the pipe, and the pit, remains constant; 
and (c) throughout its growth, the shape the pit remains constant. 

Conditions (a) and (b) would result constant current flowing from 
the pit the earth and, therefore, equal weights metal removed equal 
intervals time. With equal weights volumes metal removed 
equal intervals time, the volume the pit will increase constant 
rate, but since its shape assumed remain unchanged, its depth will 
increase the cube root the time. These assumptions suggest funda- 
mental law governing the relation between penetration and which may 
expressed the equation: 


which constant, the depth the penetration the end the 
first year; the time exposure, years; and, the depth the pit 
the end yr. 

could not expected that observed data from tests which there are 
many possible variables would follow any mathematical curve exactly, but 
the similarity between the curve plotted from Equation (1) and the graphs 
plotted from observed data striking, and even other graphs observed 
data, which there greater departure, their general form seems 
least characterized fundamental law such that expressed the 
formula. 

seems, therefore, that not necessary attribute the decreasing 
rates penetration any varying condition, such the gradual settlement 
back-fill, rapid decrease expected when all the aforementioned 
conditions are constant. The decreasing rates loss weight may per- 
haps require such explanations, but interesting note that this decrease 
many cases comparatively small, which might suggest that the condi- 
tions assumed herein not differ greatly from those which, some cases, 
obtain and around buried pipe. 

The value this method approaching this intricate problem lies the 
fact that suggests normal law for the rate penetration with which 
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observed results may compared, order that the importance various 
abnormal fluctuating influences, such those suggested the author, 
may more closely evaluated. Equation (1) may also prove some value 
attempt calculate from single set observations the time which 
pipe might penetrated the conditions exposure remain constant. 


presented Mr. Logan interesting the light experience with pipe 
line (designated Conduits II, and III) Rochester, Conduit 
about 28.3 miles long, still service although constructed The 
first miles it, in. diameter, made wrought iron, in. thick, 
Then follows miles 24-in. wrought-iron pipe. The remainder the con- 
duit cast iron, with diameter in. Conduit was completed 1894, 
twenty years later. consisted 12000 6-ft brick tunnel and pipe 
line which the greater part (nearly miles) was made riveted steel 
plate, in., in., and in., thickness. 

the end 1913, when the writer prepared report” the subject, 
there were 727 holes Conduit through approximately 450 the steel 
sheets. the 36-in. section Conduit (which was older and made 
thinner material), there were only holes sheets. The next leak 
through the wrought-iron plate occurred May 29, 1916, after hiatus 
yr; and, January 1934, there had been total holes sheets 
Conduit which was then more than old. 

For several miles these conduits are parallel and only apart, that 
the soil conditions are practically identical. The first leak due pitting the 
wrought-iron plate the 36-in. Conduit was discovered July 12, 1894, 
after the pipe had been the ground nearly yr. The first leak through 
the steel plate Conduit was discovered May 21, 1900, after the pipe 
had been the ground nearly 6.5 yr, and the second October 15, 1900; 
and holes occurred 1901 through sheets scattered over 9.7 miles 
conduit. All these leaks were through the plate. The first leak through 
the plate was 1904; and the first through the 3-in. plate was 1908. 
the end 1913, when the aforementioned report was published, 
Conduit had been excavated, scraped clean, and the outside. 
This painting covered 23.5% the conduit and included 77.5% the holes 
discovered. 

During the fall 1933, section the conduit was uncovered upon which 
many leaks had been repaired since the last re-coating operations. the 
time this work was begun, 2260 holes the steel pipe had been repaired. 
Including the foregoing work, total 2532 holes had occurred prior 
January 1934. 

When re-coating progress, great many incipient leaks are scratched 
through the process scraping, thus anticipating holes which, undis- 
turbed, would occur the following year two. The first 200 pipe 


Cons. Engr., Los Angeles, Calif. 
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re-coated the fall 1933 was laid through boulders which had injured the 
original coating. Along this section the plates showed unusual amount 
pitting, and the holes were more numerous than they were farther along 
the line where the trench was free from boulders. The coating California 
asphalt had apparently given protection, where was not abraded, for about 
ten years. 

Conduit III was constructed during the World War (1914-1918). About 
17.6 miles this line was lock-bar steel pipe made plates and in. 
thick with riveted circular seams. few leaks have occurred, generally 
where the painting was found defective. has been suggested that 
the subsequent laying the steel pipe parallel the wrought-iron pipe may 
have had inhibiting effect upon the corrosion the wrought iron. The 
answer this that 58% the holes the wrought-iron pipe (and 52% 
the sheets affected) after the steel pipe was installed. The differ- 
ence the pitting steel and wrought iron, practically the same location, 
over long period, worthy serious consideration. 

1901, Professor Kortright investigated the causes pitting 
Conduit II. examined samples earth from twenty-five test pits 
along Conduit II, well rock from the vicinity, ground-water from the 
trench excavations, and the contents pits the steel, both outside and 
inside the pipe. 

From his analysis, concluded that the earth surrounding the conduit 
did not affect except that, being more porous some places than others, 
admitted the ground-water more freely the pipe the places where 
was porous and this way allowed carbon dioxide and oxygen freer access. 
reported that the rock the vicinity the pipe had effect it; but 
that the injurious constituents the water were dissolved oxygen and the 
carbon dioxide that was brought the pipe large quantities the cal- 
cium carbonate, which loosely combined with it. 

Electrical measurements were made between Conduits and II, and 
between the conduits and the surrounding earth, but neither current nor 
difference potential could detected. 

From the foregoing remarks will noted that nearly identical loca- 
tions and exposure, the wrought-iron Conduit resisted the first pitting 
through plate nearly three times long the steel Conduit and 
that, later years, although twenty years older and thinner material, 
has developed far less pitting through the plate. Although the comparisons 
shown the paper exhibit marked uniformity action for different pipe 
materials under the same exposure, must evident that much longer 
period, commensurable with the life such structures, may show very differ- 
ent results, such have been observed the different behaviors different 
materials places where one has replaced another and subject the same 
environment. 

Mr. Logan commended for the energy, imagination, and enthusiasm 
has put into this work. hoped that and his successors will able 


continue their observations over period sufficiently long insure reliable 
conclusions lasting value. 
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metals and the study protective coatings has been centered the 
National Bureau Standards. Considerable progress has been made 
lation soil factors with corrosion, but much remains done before the 
practice pipe-coating underground can said sound engineering 
basis. 

now probable that economical and durable coating can found 
for use most the corrosive soils. many cases, Mr. Logan points 
out, coating required. This particularly true the eastern part 
the United States. Philadelphia, Pa., the records the local gas company 
over the thirty-six years, 1899 1935, indicate that small steel service pipes 
having thickness about in. have average life forty-seven years 
with more than thin coat coal-tar paint which probably gave little 
advantage except prevent more general distribution 

seems very unlikely that low-cost, rust-resisting metal will found 
that sufficiently durable all corrosive soils, and (as Mr. Logan points 
out), there material difference between the corrosion resistance the 
common ferrous metals; therefore, for the present, the work should con- 
centrated improvements protective coatings. Such coatings should 
chemically resistant soil water, mechanically strong sufficiently rein- 
forced resist soil stresses, and thick enough durable and prevent con- 
tact between the soil and the metal. Reinforced bituminous coatings usually 
should not less than in. thickness. 

Portland cement concrete coatings in. in. thick) cost from 
cents per ft, and are highly durable many soils. They have given 
satisfactory protection oil pipe lines; for instance, lines cross- 
ing low salty marshes, and acid streams coal-mining districts. 

Research work soil corrosion such general interest tax-payers 
large that seems portion the expense this work should paid 
the Government. Thus far, has been carried out this basis the 
National Bureau Standards with the co-operation the American Petro- 
leum Institute, American Gas Association, and pipe manufacturers, but has 
been seriously retarded curtailment appropriations due the economy 
program. The general opinion those who have followed this investigation 
already invested through the Bureau toward the solution this problem. 


Locan,” (by one who has been close touch 
with the soil-corrosion investigation since its beginning 1922, Mr. Wolfe 
quite right cautioning against the unrestricted use the data for the 
comparison materials the prediction pipe life. many the soils 
under consideration the corrosion not sufficiently serious permit reli- 
able estimate pipe life. few soils, however, all nearly all the thinner 
walled specimens have been punctured. expected that the data the 


Director, Dept. Metallurgy and Research, National Tube Co., Pittsburgh. Pa. 
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old specimens, which will available the spring 1936, will show 
the standard deviation for each This will indicate whether not 
there are significant differences between the rates corrosion the materials. 
Mr. Baylis indicates, the causes and mechanism underground corrosion 
need further investigation. value any field investigation must 
involve rather large number specimens and, consequently, very con- 
siderable expense for materials and labor. The outlook for the extension 
the soil-corrosion investigation the near future not bright. 

The relation between rate penetration and time which Professor 
Fetherstonhaugh calls attention, has been studied several investigators. 
Dr. reached the conclusion that the relation for any soil could 


deepest pit any time, constant which the same for all soils; 
and another constant different for each soil and equal the ultimate pit 
depth. 

Additional data recently obtained seem indicate that some such 
equation that Dr. Scott Professor Fetherstonhaugh will represent 
the progress corrosion well-drained soils, but that poorly drained 
soils the depth penetration nearly proportional the duration the 
exposure. 

The interesting experience the City Rochester cited Mr. Skinner 
deserves further investigation. Although the superior service rendered 
Conduit may due the superiority the material used, two other 
explanations are possible. The map showing the locations the conduits 
which the writer obtained from the City Engineer’s Office indicates that, 
although the two older conduits lie quite near each other, the older line lies 
slightly higher elevation and, consequently, somewhat better drained. 
possible also that the protective coating applied the older line was 
superior either material application. This suggested the fact 
that least some the failures the older line points where 
the coating had been injured. probable that the troubles the newer 
line have been accentuated its rather frequent exposure for repairs. 
thorough investigation the causes the differences between the perform- 
ances the two conduits might great value those who have 
construct similar lines. 


“Soil Studies, 1934—Rates Loss Weight and Pitting for Ferrous 
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THE ADJUSTMENT LEVEL NET 


Synopsis 


Two closely related methods obtaining “least squares” adjustment 
the closing errors level net are described this paper. The first method 
involves the writing, inspection, the appropriate normal equations and 
their subsequent solution process converging increments; the second 
utilizes the principle successive distributions, and suggested the 
Cross method moment 

Both methods are well adapted the use the slide-rule and possess 
the advantages simplicity and brevity, compared with the conventional 
least squares solutions. They are intended apply primarily surveys 
ordinary extent and accuracy, such those executed municipal and 
highway engineering organizations. 

Beyond the consideration that, practice, one method may appeal more 
than the other given individual, the reasons for presenting dual treat- 
ment the subject include the following: (a) The first method derives 
immediately from the principal hypothesis the theory least squares, 
and thus serves substantiate the correctness the second method; (b) the 
process utilized (in the first method) for solving the normal equations may 
successfully applied various other types engineering problems (for 
example, indeterminate structures) and (c) the parallel solutions show the 
inter-relations the two methods and suggest procedure that may used 
advantage devising extensions the distribution method new types 
problems. 


April, 1935, Proceedings. 
Associate Civ. Eng., Univ. Illinois, Urbana, 
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The precision that characterizes the planning and execution present- 
day structures demands, general, that reliable bench-marks established 
and maintained throughout, least, the period construction. 
towns and cities, bench-marks should created with view permanence. 

The value bench-mark depends much upon the reliability the 
elevation assigned upon its ability maintain itself fixed 
height. Much difficulty encountered attempting arrive the cor- 
rect elevation bench-marks field work alone, due unavoidable dis- 
which are found when closing from various lines. appears, 
times, that the more one levels given locality the greater the 
uncertainty the bench-marks. 

Much this difficulty the field can avoided adopting, part, 
the methods that have been used the United States Coast and Geodetic 
Survey the execution many thousands miles precise levels. Par- 
ticularly commendable this connection are the establishment definite 
standard precision and the practice running all level lines twice for 
the purpose putting them test; case satisfactory agreement, the 
mean the observed differences elevation then used. 

spite all precautions, however, discrepancies still persist, and some 
form adjustment Generally speaking, there are three methods 
adjusting elevations, namely, (1) “guessing”; (2) using “rule 
thumb” (which may worse than guessing); and (3) calculating the 
most probable values accordance with the laws probability. 

The latter method, under the title “least squares,” has been use for 
more than century, but its application has been restricted rather closely 
problems astronomy and geodesy. For such purposes, high degree 
precision generally required, and, consequently, the treatises dealing with 
that method are likely appeal the layman being too elaborate for 
his requirements, and the calculations overly precise and laborious. 

The aim this paper present methods whereby the closing errors 
level net can adjusted with approximately the same time and effort 
are required solve the somewhat analogous problem finding the 
bending moments framed structure. These methods are proposed for 
use principally connection with work done with the ordinary engineer’s 
level, which instance doubtful whether the precision obtainable 
the field warrants attempt deal with elevations readings units 
less than 0.01 ft, 0.005 ft. Nevertheless, with little added effort, the 
precision the calculations capable further extension. 

The use “polyphase” type slide-rule great assistance 
performing the necessary calculations, both methods entire series 
values can then read off with single setting the slide. 


DEFINITIONS AND PRELIMINARY EXPLANATIONS 
facilitate description, the following terms will used: 


Control Bench-Mark: bench-mark with elevation which remain 
fixed, and which the elevations other bench-marks are adjusted. 
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Junction Point: bench-mark which three more level lines meet, 

Section: The length level line connecting consecutive junction points 
control bench-marks. 

Intermediate Bench-Mark: bench-mark located some intermediate 
point section. 

Sub-Section: part section terminating intermediate bench- 
mark. 

Circuit: polygon closed figure bounded sections (but containing 
none within its interior). 

Exterior Section: section situated along the boundary the net, 
and hence belonging only one circuit. 

Interior Section: section situated within the interior the net, and 
hence common two circuits. 

Positive Direction Section: The direction which the correction 
computed (regardless whether the difference elevation 
positive negative). 


Direction direction arrows” are those used designate 
the positive directions the sections. general, these direction arrows 
serve also indicate the direction which the closing error circuit 
calculated. certain interior sections, however, the latter direction 
may contrary the former, and then distinguished means 
“auxiliary direction arrow,” which written beside the 
section and within the circuit question, shown 
Fig. 

elevation given section depends upon the length 
the section, the number set-ups contains, the number independent 
measurements entering into the data, and the quality instruments and 
survey methods used. ordinary slopes, the number set-ups approxi- 
mately proportional the length the line, and, therefore, customary 
weight the observations inverse proportion the distance (which may 
determined stadia measurements, pacing, scaling from map). 
Moreover, the weight directly proportional the number times the 
levels were run; that is, difference elevation which determined from 
the mean two separate runnings section given twice much weight 
difference elevation obtained from single running. 

Effective Lengths.—It convenient, the problem the level net, 
deal with weights terms the “effective lengths” sections. The 
effective length section defined the reciprocal the weight; 


that consequently, directly proportional the length the 


section and inversely proportional the number measurements. 
Closure types closure will considered, namely, 
the circuit closure and the route closure. “circuit-closure condition” 
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meant the requirement that the sum the section corrections given 
circuit must equal, and opposite sign, the closing error that circuit. 

the level net contains two more control bench-marks, conditions 
route closure arise. “route-closure condition” meant the require- 
ment that the section corrections along arbitrary route connecting two 
given control bench-marks must have predetermined sum, equal (and 
opposite sign) the closing error along that route; this situation gives 
rise the following term: 

Conditioned Route: arbitrary route, selected for purposes adjust- 

ment, connecting two control 

Condition multipliers” are undetermined co- 
which are used represent the closure conditions which section 
subject. For example, Closure Conditions Nos. II, are represented 
the condition multipliers, respectively. this means, the 
correction for any section may expressed linear function the closure 
conditions. 

Section corrections determined for the observed 
differences elevation along the various sections are called “section cor- 
rections.” They are denoted etc., the subscripts which refer 
Sections Nos. respectively. means the theory least squares 
found (see Appendix that the section correction for given sec- 
tion equal the product the effective length the section the sum 
its condition multipliers. Expressed algebraically, the section correction, 
Closure Conditions Nos. given the equation, 


= (C; Cu + ee Coe cece (1) 


The number closure conditions governing given section equal the 
number circuits conditioned routes which the section belongs. 

Normal the type obtained when the section 
corrections expressed Equation (1) are summed around circuit 
along conditioned route and placed equal, and opposite sign, the 
closing error, are known “normal equations.” The number normal 


equations any net equal the number circuits, plus the number 
conditioned routes. 


For purposes description, the solution will divided into the follow- 
ing steps: (a) Preparation plan for the adjustment, and calculation 
closing errors; (b) formation and solution normal equations; (c) calcula- 
tion section corrections and verification circuit closures; and, 

illustrate the detailed procedure, two examples will given, the first 


involving only circuit-closure conditions, and the second entailing route- 
closure condition. 


i 
‘ 
| 
> 


838 THE ADJUSTMENT LEVEL NET 


The net chosen exemplify Example No. illustrated 
contains four circuits and nine bench-marks, five which are junction 
points, and the remaining four, intermediate bench-marks. Point will 
assumed control bench-mark, with elevation 416.15 ft. The 
approximate distances between bench-marks are shown Fig. 


> 


2400' 


8 +8 


4000’ 


The observational data are given Table Appendix II, and consist 
field notes covering levels which were run over six routes, follows: 
and return. 

(a) Preparation Plan for the Adjustment, and Calculation Closing 
preliminary details necessary put the data readiness for 
performing the adjustment include the preparation plan and the 
determination the closing errors, and may performed the following 
order: 


(1) Prepare plan showing the junction points and control bench-marks, 
and the connecting routes over which the leveling was executed; 

(2) Assign system direction arrows; 

(3) Number the sections, determine their effective lengths, and record 
these values the plan; 

(4) From the field data, calculate the observed difference elevation 
over each section the positive direction (that is, shown the main 
direction arrow); also, determine the observed differences elevation 
over the sub-sections, which will required computing the adjusted 
elevations the intermediate bench-marks; and, 

(5) Number the circuits, calculate their total effective lengths and their 
closing errors, and record these values the plan. 


The plan for the adjustment for Example No. shown Fig. 
intermediate bench-marks being omitted. Direction arrows are assigned 
such way secure continuous routing through all the circuits with 


400 
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minimum number auxiliary direction arrows. This system marking 
the sections possesses the following advantages: (1) fixes the route 
taken calculating the closing error each circuit; (2) determines 
the direction which each section correction calculated; and (3), 
enables the normal equations formed inspection. 

Fig. the number the section shown the figure enclosed within 
circle, and the effective length written the right the diagonal bar. 
Fig. also contains, near the center each circuit, notation showing the 
number the circuit, its total effective length, and its closing error (for 


24.5 indicates Circuit No. with total effective length 24.5, 


and closing error 0.14 ft). 

The calculation the effective lengths sections and the correspond- 
ing observed differences elevation contained Table 2(a), Appendix 
will noted that the actual lengths are reduced terms relative 
lengths dividing 800. The use the smaller units matter 
convenience. The effective lengths are taken equal the relative lengths 
the corresponding sections, except for Section No. Since this section 
was leveled only once (all other sections having been leveled twice), its 
effective length twice its relative length. 

explanation the calculation the observed differences elevation, 
consider Section No. which extends from Point Point Fig. 
The field notes, given Table Appendix show that this section 
part Route No. and was run both forward and back. the forward 
running the observed difference elevation was 422.59 416.15 6.44; 
the back running the result was 416.17 6.48. this 
instance the positive direction the section (as shown the direction 
Fig. coincides with the forward running, and, consequently, 
the observed (mean) difference elevation 6.46 (Column (8), 
Table 2(a), Appendix II). (In taking the arithmetic mean even num- 
ber and odd number, the even value chosen for convenience; for 
example, Section No. Table 2(a), the mean 9.20 and 9.07 taken 
9.14). Table 2(b) contains the calculation the observed differences 
elevation over the sub-sections. 

The the closing errors contained Table Appendix 
II. The closing error given circuit simply the sum the observed 
differences elevation its component sections, taken continuous 
direction around the circuit accordance with the direction arrows. The 
closure conditions corresponding the various circuits are numbered 
the same way the circuits themselves, and, hence, the condition multipliers 
for Circuits Nos. ITI, (Fig. 3), are Cu, respectively. 

(b) Formation Normal accordance with Equation (1), 
the section corrections, taken continuous direction around the various 
are shown Table Appendix II. When the sums these 
corrections are placed equal, and opposite sign, the closing errors 
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the respective circuits (0.01 being taken, for convenience, unit), the 
following normal equations are obtained: 


8 Cr, + 16 — 5 Cw = — 8 
and, 


Equation (I) the greatest numerical coefficient that and 
equal the total effective length Circuit No. likewise, Equa- 
tion (II) the greatest numerical coefficient that and equal 
the total effective length Circuit No. and, similarly, for Equa- 
tions and (IV). These quantities 24.5 Equation (I), 
19.5 Equation (II), ete.) will referred the “major” terms 
their respective equations. The remainder the quantities the left-hand 
side the equations will called “minor” terms. 

matter fact, simpler write the normal equations once 
Table 5(a), Appendix II. They are written columns which are 
numbered correspond the various closure conditions, the individual 
terms being entered the lines with numbers that agree with the subscripts 
the condition multipliers. The major terms (which are underscored) thus 
appear diagonal formation. already stated, their coefficients are 
merely the total effective lengths the respective circuits (or conditioned 
routes). 

Minor terms arise from sections which are subject two (or more) 
closure conditions, and their coefficients are equal the effective lengths 
the sections involved. For example, writing the minor terms 
Equation (I), seen from Fig. that Circuit No. tied Circuit 
No. Section No. with effective length, 8.5; Circuit No. III 
tion No. with effective length, and Circuit No. Section No. 
with effective length, 10. Consequently, Column (I), Table Appendix 
8.5 entered Line II, Line III, and Line IV. 

the case sections marked with auxiliary direction arrow the 
minor term always prefixed with the negative sign. The constant, 
right-hand, term the equation entered the bottom the appropriate 
column. 

Checking the Normal the coefficients the minor terms 
always appear two the normal equations, desirable utilize this 
fact check. The coefficients should read the same vertically and 
horizontally. 

Solution Normal the following typical system 
equations, three unknowns, namely, 
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and, 


Equations (Ib), (IIb), and (IIIb) may written, thus: 


and, 

COm = ks (cC; + dC). eee .(ITTb) 


Upon substituting these values Cu, and into Equations (Ib), 
and (IIIb), the following expressions, respectively, are obtained: 


and, 
+ CCin-s + CCin-s (ks = dC 
(cO 1-2 + dC 11-2) (cC1-s + aC eee .(IITe) 


solution parts (if convergent) may now made, one term 
time being computed from each the foregoing equations. Its value 
then used the succeeding equations find the next term, the following 


referred “principal terms;” they comprise both “preliminary values” 
(or terms found the first set computations, as, for example, 
which result from succeeding sets computations. 

This method appears applicable the vast majority normal 
equations encountered practical engineering problems, and possesses the 
important advantage that, dealing with equations containing four 
more unknowns, the solution usually obtained appreciably less time 
than that required precise method. Although, generally, small degree 
approximation involved, the results are practically exact many cases. 

The number sets computations required obtain accurate solu- 
tion usually from four six; occasional examples may require one two 
additional sets. the convergence rapid, the computations may 
continued until the increments become negligible. The principal terms 
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each equation are then totaled, and the value the unknown found 
dividing the resulting sum the coefficient the major term the 
equation. 

the convergence relatively slow, generally happens that, after 
few sets computations are completed, the increments the separate 
equations begin converge with ratios that tend nearly equal. When 
this stage reached, the solution can expedited greatly, without 
appreciable sacrifice precision, summing the remaining increments 
geometrical series. This expedient may also utilized connection 
with the more rapidly converging equations, provided the ratios con- 
vergence the separate equations are approximately equal, 

Before effecting the summation, any case, desirable that the ratios 
convergence the separate equations brought agreement within 
fairly definite limits, depending upon the desired degree precision. The 
writer’s experience indicates that the range variation these ratios 
does not materially exceed 0.05 (as will presently illustrated numerical 
examples), the remaining increments can summed geometrical 
series with results sufficiently accurate reduce the closing errors the 
individual circuits considerably less than 0.01 ft. 

The process summing the remaining terms the various series 
increments consists multiplying the last set increments 
the summation factor. These summations are then added the principal 
terms previously calculated, and, finally, the unknowns are found divid- 
ing the resulting totals the coefficients the major terms the 
respective equations. The summation factor geometrical series 


equal which the ratio convergence successive terms. 


For present requirements, the summation factor will computed means 
“average ratio convergence.” 
the increments the separate equations attain the desired degree 
uniformity convergence five less sets computations, the average 
ratio convergence given, with satisfactory precision, by: 


which the absolute sum the increments the final set com- 
putations, and the absolute sum the increments the preceding set. 

more than five sets computations are required before the ratios 
attain the desired degree uniformity, better approximation the 
average ratio convergence generally obtained using the last three 
sets results, follows: 


3 
(3) 
which defined Equation (2), and ra. The correspond- 


ing summation factor then taken 


. 
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Referring Table 5(a), Appendix the calculations incident the solu- 
tion the equations Example No. are follows: Line the 
constant term Equation (I) (namely, 14.00), taken the preliminary 
extended horizontally proportion the coefficients Line Table 
follows: 


24.5 


(14.00 1.71 (Column 


and, 


5.71 (Column (IV)) 


For the preliminary value 19.5 Line the value found for 
Line Column (II), subtracted from the constant term Equation (II), 
giving 10.00 14.85. This quantity likewise constitutes 
principal term, and underscored and extended horizontally proportion 
the coefficients Line II, giving: 


8.5 


from the constant term Equation (III) the value calculated for Line 
Column (III) Table 5(a), which gives the following result: 8.00 1.71 
9.71. This quantity, turn, extended horizontally proportion 
the coefficients Line 

similar manner, the preliminary value Line Table 
5(a), subtracting the values Line Column (IV), and 
Line Column (IV), from the constant term Equation (IV), giving: 
16.00 (5.71 3.04) 7.25, which, then extended the same fashion. 
This completes the first set computations. 

succeeding sets (Lines 16), the principal terms are obtained 
taking the negative sum all the values which occur below the principal 
term the preceding set; for example, Line the principal term, 

the end the fourth set computations, the ratios convergence 
the separate columns Table 5(a) (obtained dividing the increments 


the fourth set those the third set) are follows: 
0.429 0.431 


From the foregoing quantities, the maximum range 


0.404 0.423 
variation found 0.431 0.404 0.027. Although these ratios 
are quite uniform, obvious that several additional sets computa- 
tions would required order reduce the increments negligible 


quantities; the remaining increments, therefore, are summed geo- 
metrical series. 
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The average ratio convergence, given Equation (2), 


0.423, and the corresponding summation factor 0.734. The 


ing summations (obtained multiplying the fourth set increments 
the summation factor) appear Line 17, Table 5(a). Line contains the 
sums the principal terms (including the quantities Line 17), and 
the values the unknowns (the condition multipliers), are given Line 19, 

The calculations Table 5(a) were performed with the aid 
10-in. slide-rule. The results this solution, when compared with values 
obtained from precise are all found correct three decimal 
places, shown. 

(c) Calculation Corrections and Verification Circuit 
Closures.—Table 6(a), Appendix contains the computation the section 
corrections, which developed accordance with Equation (1). This step 
facilitated tabulating the condition multipliers groups, according the 
sections composing the successive circuits. For example (see Fig. 3), 
applied Sections Nos. and Cu, Sections Nos. and Cm, 
Sections Nos. and and Sections Nos. (with sign reversed), 
and The sum the condition multipliers for each section appears 
Column (5), Table 6(a), and the section corrections (the products 
Column (2) and Column (5) the nearest tenth unit, correspond- 
ing the thousandth foot), are given next. Column (7) the adopted 
section corrections are recorded the nearest 0.01 ft. 

The verification the circuit closures given Table 7(a), Appendix 
which indicates that the section corrections calculated will reduce the 
closing errors zero. 

(d) Adjusted Elevations calcula- 
tion the adjusted elevations the bench-marks given Table 8(a), 
Appendix II. dealing with intermediate bench-marks, the adjusted differ- 
ence elevation over each sub-section calculated prorating the section 
correction the ratio the length the sub-section that the sec- 
tion (see Table Appendix IT). 


The data contained Table Appendix II, will also used connec- 
tion with Example No. with the added requirements that both Points and 
shall treated bench-marks, with elevations 416.15 and 424.01, 
respectively. For purposes adjustment, theoretically immaterial which 
path connecting these points taken the conditioned route. The selected 
route that consisting Sections Nos. and 

The closing errors the four circuits are given Table Appendix 
that the conditioned route found subtracting the required difference 
elevation from the observed difference elevation, and equal 7.90 


*For general method obtaining precise solution normal equations, see 
“Application the Theory Least Squares the Adjustment Triangulation,” 
Oscar Adams, Special Publication No. 28, Coast and Geodetic Survey. 
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The new system normal equations, together with their solution, 
given Table 5(b), Appendix II. Equation (V) expresses the closure require- 
ments the conditioned route. will noted that the inclusion the added 
closure condition requires that the term, included Equation (I), 
and the term, Cy, Equation (ITI). 

the end the fifth set computations, the increments each 
column have begun converge, with the exception Column (III). 
carrying the calculations through one additional line, will found that 
the next increment that column 0.06, from which may 
concluded that the first five sets computations are sufficient, provided the 
ratios convergence are sufficiently uniform. These ratios are, follows: 
0.557 0.554 0.600 0.10/ 0.564 
the maximum difference approximately 0.06. 

The final results given Table 5(b), when compared with precise solu- 
tion, are found correct three decimal places, except for Cy, which 
error 0.003. 

Table 6(b), Appendix II, contains the calculation the section corrections, 
and Table 7(b), Appendix II, the verification the closures. The calcula- 


tion the adjusted elevations the bench-marks given Table 
Appendix IT. 


from which seen that 


The second method adjusting level net differs from the first the 
following respects: (1) Instead the writing and solution the normal 
equations, the errors the various circuits are successively distributed, car- 
ried across, and re-distributed; (2) the section corrections are found 
direct addition the distributed quantities; and (3) all these calculations 
are entered directly the plan for the adjustment. 

order illustrate this method, the closing errors the previous 
examples will adjusted. The explanations will confined the determina- 
tion the section corrections, the preliminary and final details are the 
same both solutions. Moreover, the results are theoretically identical 
the two methods. 

No. 1—The calculation the section corrections given 
Fig. and the errors requiring distribution the different cycles are listed 
Table 9(a), Appendix IT. 

Table 10, Appendix II, which has been especially prepared for the pur- 
pose assisting the explanation the method, contains complete details 
all the involved the first two cycles the adjustment. 
The closing error each circuit distributed (with change sign) 
among the several sections the circuit proportion their effective 
lengths. Corrections thus applied sections subject two more closure 
conditions constitute new errors the adjoining circuits (or conditioned 
routes), and, therefore, are carried across the first opportunity; the 
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first cycle adjustments, they are added the original closing error 
the adjoining circuit, the combined closing error being then distributed, 


Fic. 4.—ADJUSTMENT NET SUCCESSIVE DISTRIBUTION 


Referring Table 10(a), the closing error Circuit No. (namely, 


—14.00), distributed follows: Section No. (+14.00) 1.71; 


Section No. 14.00) +1.71; Section No. 14.00) 
24.5 


No. II, the foregoing correction Section No. carried 
across and added the original closing error, giving: +4.85 10.00 +14.85; 


this quantity then distributed follows: Section No. 14.85) 


Circuit No. III, the correction already applied Section No. 
taken up, and the combined error (namely, +1.71 8.00 +9.71) dis- 


tributed the following proportions: Section No. (—9.71) —1.82; 


Section No. (—9.71) —3.04; and, Section No. (—9.71) —4.85. 


No. IV, the corrections previously assigned Sections Nos. 
and are carried across, and the error requiring distribution is, therefore, 
+3.04 +5.71 —16.00 which, turn, distributed (with change 


sign) proportion the effective lengths the sections which compose 
this circuit. 


+0.18 
+0.06 
2) 3 4 Flo © 10+ FSF Fle 
+0.36 
0.11 —0.07 |—0.06 
—0.08 
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The circuits are adjusted fixed sequence, and the same process dis- 
tribution continued succeeding cycles, the closing errors being found 
bringing over and combining the corrections not previously transferred 
from adjacent circuits. 

record kept the errors requiring distribution the successive 
steps (see Table 9(a)). These values are numerically identical with the “prin- 
cipal terms” found the first method, and are used determine: (1) The 
stage the solution which satisfactory convergence established; 
(2) the average ratio convergence; and (3) the summation factor, previ- 
ously mentioned connection with Equations (2) and (3). 

When the errors the separate circuits have attained the desired 
uniformity convergence, the remainder each series corrections 
computed multiplying the last cycle distributed corrections the 
summation factor. These summations constitute the fifth set values 
Fig. 

should noted that dealing with sections marked the auxiliary 
direction arrow (Section No. for example), the sign the correction 
always changed upon being carried over into.the adjoining circuit; further- 
more, the signs all quantities that side the section which bears the 
‘auxiliary direction arrow are reversed when the individual corrections 
section are totaled. 


+0.53 —1162+1 


THE CLOSING EXAMPLE No, 


No. calculation the section corrections for Example 
No. given Fig. The errors requiring distribution the successive 
steps are shown Table 9(b), Appendix II. Table 10(b), Appendix II, con- 
tains explanation the manner determining the errors distributed 
the first two cycles, together with their distributions (the first cycle this 
case being the same for Examples Nos. and 2). 


— 


+10 
1 1V/26 
+0.88 
+0.10 +0.07 
—0.05 
—0.06 
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adjusting the conditioned route, the closing error found bringing 
across and combining the errors arising from the preceding distributions 
the contiguous circuits (including, the first cycle, the original closing 
error the conditioned route), and then distributed proportion the 
effective lengths the sections composing the conditioned route. For exterior 
sections (Section No. for example), such corrections are entered the outer 
side the section (see Fig. whereas, for interior sections (Section No. 2), 
they are written astride the section. 

turn, these corrections are taken into the adjacent circuits when 
the closing errors the latter are next calculated. Since interior sections 
conditioned route are subject three closure conditions, all corrections 
applied such sections are carried across two places. Fig. the 
sixth set values are those found summation series. 


CoNOLUSIONS 


the result the foregoing examples, the following conclusions appear 
justified: (1) The methods presented are precise meet 
the requirements the majority level nets, except those large geodetic 
surveys; and (2), view the comparative ease with which correct 
ment can effected, and the obvious advantages thus eliminating the 
uncertainty and confusion which otherwise prevail, carefully executed 
system bench-marks should considered complete until the elevations 
have been properly adjusted. 


APPENDIX 


THEORY 


According the theory least squares, the sum, made 
minimum, subject the given closure conditions. Using the data 
Example No. (Tables inclusive, Appendix II), the function which 

2 2 2 2 3 2 3 2 


When the partial derivatives this function with respect vs, 
are equated zero, the following expressions for the section corrections are 

The foregoing results may summarized the statement that the section 
correction for given section equal the product the effective length 
the section the sum its condition multipliers. 


Elementary Examples Least Squares,” Oscar Adams, Serial No. 
250, Coast and Geodetic Survey. 
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APPENDIX 
TABLES 


The tables Appendix are each introduced and explained adequately 
the text the paper. 


OBSERVED ELEVATION 


Field Field 
4| Dand B (via F)..|6 400) 8 8 and 24 :64/ +2.45) —2.47/+2.46 
6 | Eand D (via G).|8 800/11 and G...| 44:88] —3.40/+3.33/+3.36 
7 | Band A (via H).|6 800) 8.5) and H..| 45 
8 | Aand E (via K).|8 800|11 [11 and K..| 62 :88|—6.13|+6.10|—6.12 


the direction actually run. positive direction. 


Section Circuit Circuit Circuit Circuit 
ection No. No. No. No. 
+9.00 +9.24 +2.41 +3.43 
—9.14 —9.14 —2.33 —3.59 


This value taken the negative direction Section No. that is, shown the auxiliary direc- 
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TABLE 4.—Formation Equations 


Circuit No. Circuit No. Circuit No. III Circuit No. 


n= = 8.5 (Cy + cp (Cin Cy) 
a=3 (Cy + 

8.5 (Cy + Cyp 


9.96 3.88 


Example No. 1: 


Example No. 
as = 3.64; a4 = 6.47; r = 0.562; and, iS = 1.38 


850 
—m=5 Crm) 
) m= =10 + Cy 
Cry 
I 24.5 8.5 3 10 24.5 8.5 3 10 6 
k 14 —10 -8 16 14 —10 -8 16 
1 14.00 4.85 1.71 5.71 14.00 4.85 5.71 3.42 
3 —1.82 3.04 —1.82 3.04 —1.82 
5 5,51 1.91 0.67 2.24 —5.60 | | 
6 —0.83 —1.91 | 
8 -0.78 0.39 —2.02 —1.68 —3.86 | 
9 _1.4 0.51 0.18 0.60 —1.41 0.70 —3.66_ 
13 0.63 0.22 0.08 0.26 0.04 escocee 0.21 —0.07 0.04 
16 —0.13 0.06 -0.33 
3.18 1.10 0.39 1.30 0.73 
Po _1.77 0.61 0.22 0.72 0.43 
—0.02 | 0.03 —0.02 
—0.29 0.14 —0.75 
2.27 —0.78 —0.13 —0.96 —0.53 
38.14 |—23.22 —7.00 -1.75 |—12.01 
1.557 | —1.191 | —0.437 | —0.067 | —2.002 
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— 


Section Section 
Corrections 
multipliers (3) and Column multipliers (8) and Column 
Column 
(10) 
(3) (4) (5) (6) (8) (9) (10) (12) 


Ircul ircul reul ircul 


Summation ..... +0.14 —0.10 —0.08 +0.16 +0.14 —0.10 +0.16 —0.04 


* This value taken in the negative direction of Section No. 3; that is, as shown by the auxiliary direction 
arrow in Fig. 3. 


o 
od +6.49| A B A ([416.15) B 
—2.37| C |424.09| D C D 
+2.44) D (421.72) F /|424.16 .01)+2.45, D /|421.66) F 
+3.37| E (425.29) G /|428.66 +3.36| E (425.26) G 
—7.08| E |425.29| H /|418.21 —7.06} E H 
A .96 A /416.15) AK 
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TABLE 


(a) Exampte No. 1 


First Crcie; Exampies 


Circuit No, 
Section No 


= 
_ 
~ 
- 
~ 
= 
w 
~ 


o 


Nos. 1 anp 2* 


00=+1.71 


4.85 


Example No. 


Distribution 


Example No. 


Distribution 
(7) (8) 


—14.85=—6.48 


91=—0.83 
—1.91=—1.08 


Circuit No. applies Example No. only. 


852 
Closing Closing Clog 
(4) (5) (6) 
4.85 +3.86 
8.00 
1.71 +0.67 
—1.39 
7.25 +7.25 +2.02 +3.66 
4.00 
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DISCUSSION 


paper well deserves the attention all engineers interested the practical 
computations surveys. contains description two methods for adjust- 
ing engineering level nets and one the most interesting features that 
the two methods presented are identical. (The term, “engineering leveling,” 
used denote ordinary leveling distinguished from “geodetic leveling.”) 
The first the least squares method, the “condition multipliers” being the 
usual “correlatives.” This part the paper refers “converging incre- 
ment” method approximation for solving the normal equations used 
instead the precise Gauss method. The lack rigidity the theory 
implied the author his statement that the method “appears appli- 
the vast majority normal equations encountered practical 
engineering problems.” After all, the real test any method solving 
normal equations lies obtaining values the correlatives which satisfy 
the equations; and this method approximation will undoubtedly give the 
desired results most cases engineering level nets, does 
the specific examples shown. Regardless whether the method possesses any 
marked advantages over the usual Gauss method, the author entirely justi- 
fied presenting account the fact that, the identity the results 
the two methods and even the steps obtaining the results, estab- 
lishes the correctness the second method. 

The second method, called “successive distributions,” shows process 
adjusting engineering level nets which certainly useful one. Requiring 
knowledge least squares and eliminating the necessity setting the 
normal equations themselves, easy comprehend and easy apply; 
and for both these reasons should appeal the average surveyor. The 
method appears first glance have relation least squares and give 
results which, although they might render the level net consistent, would bear 
relation the “most probable values” and might even vary with the 
order arbitrarily chosen for closing the various circuits. This not the case, 
however. The identity the results the two methods shows the elevations 
from the second virtually the “most probable values.” Further- 
more, the identity the steps obtaining the results the two methods 
establishes the correctness the second method virtually least squares 
adjustment for cases which the “converging increments” would solve the 
normal equations, regardless the order chosen for closing the circuits 
the second method. 

The following notes may assistance observing the identity the 
successive steps the two Compare the values shown Fig. 
for the method “successive distribution” with those shown Table for. 
the solution the normal equations “converging increments”: Line 


Prof. Photogrammetry, Coll. Applied Science, Syracuse Univ., Syra- 
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Table 4.85, 1.71, and 5.71 are the values “carried over” Fig. from 
Circuit No. into Nos. II, III, and IV, respectively; Line 
Table -6.48 the value Fig. “carried over” from Circuit No. 
Circuit No. and the two blank spaces Line show that Fig. there 
were values “carried from Circuit No. either No. 
Circuit No. IV; Line Table and 3.04, are the values 
Fig. “carried over” from Circuit No. III Circuits Nos. and IV, 
respectively; Line Table 2.79 and are the values 
“carried over” from Circuit No. Cireuits Nos. and III, respectively; 
Line Table 5.51 the closure distributed Circuit No. Fig. 
the second time; and 1.91, 0.67, and 2.24, Line Table are the values 
Fig. “carried over” the second time into Circuits Nos. II, III, and IV, 
respectively. This identity the steps can followed throughout. 

Undoubtedly, the use series summations obtain section corrections 
the method “successive distribution,” will generally prove useless 
refinement. fact, the specimen adjustment shown Fig. the correct 
values the section corrections would have been obtained the additions 
had been made after the third distribution, and both the fourth distribution 
and the series summations were actually unnecessary. 

This discussion may summarized somewhat follows: The second 
method (that “successive distribution”), gives simple and useful means 
adjusting engineering level nets. This method particularly simple 
the frequent cases which one can dispense with the series summations. The 
desirability the method depends entirely upon whether the resulting eleva- 
tions are the “most probable values” regardless the order closing the 
circuits, and that they are approximately the most probable values proved 
the identity with the results from the least squares method. The only 
remaining question whether the first method (with which the comparison 
made) actually gives “most probable values” when the converging incre- 
ment approximation used solve the normal equations; but will 
observed that must provided the correlatives obtained actually satisfy 
the normal equations. Therefore, for any cases which “converging incre- 
ments” would solve the normal equations, the second method “successive 
distribution” without the normal equations will give correct results. 

presenting the average surveyor for adjusting 
ordinary engineering level nets, this paper serves useful purpose and 
highly commended. 


tion excellent example that type study which consists the appli- 
cation existing theory new problems; and especial reason for com- 
mendation the fact that, for good measure, the author has given two 
equally good solutions complex and important problem. 

The simplicity and clarity treatment are excellent but statement 
under “Solution Normal Equations,” needs brief additional explanation, 


Asst. Prof, Civ. Eng., Univ. Urbana, 
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seems, make clear the computation the “condition multipliers,” 
Cu, ete. Referring Table 5(a), Mr. Dell states that “Line con- 
tains the sums the principal terms (including the quantities Line 17), 
and the values the unknowns (the condition multipliers), are given 
Line 19.” The value for Method Example No. given the 


Major terms Circuit No. 22.07 (Line 18) 


Total effective length Circuit No. 24.5 


19.5 

Two approximate methods are sometimes used adjust level nets, and 
may designated: (1) The “successive-circuit” method; and (2) the Geo- 
logical Survey method. The writer was interested compare both the 
results and the labor involved each these approximate methods with 
those Mr. Dell’s methods. 

Briefly stated, the successive-circuit method consists adjusting the sides 
connected circuits proportion the lengths the sides, beginning 
with that circuit having the largest error closure. The second circuit 
adjusted the one having the second largest error closure, ete. The 
method described detail, the more complete surveying textbooks.’ 

The Geological Survey method consists beginning with fixed bench- 
mark, from which the nearest junction points connected circuits are given 
preliminary adjustment. The weights assigned the different elevations 
such junction points, found the different connecting lines, are 
inversely proportional the lengths the lines. Using the preliminary 
adjusted values thus found, other junction points are similarly adjusted 
include all points within the level net. From such tentative values, second 
computation establishes the final elevations the successive junction 

For purposes comparison, net including five circuits comprising nine 
lines from miles miles length, was adjusted each the approxi- 
mate methods and each Mr. Dell’s methods, with the results shown 
Table 11. 


TABLE 11.—Comparisons ADJUSTMENTS Net 


DELL Geo.ocicaL Survey 


Discrepancy 


Discrepancy 
Elevation Elevation with Dell Elevation with ell 


715.28 


evident that, for this example, the discrepancies between the Geo- 
logical Survey method and the Dell method are, the average, about one-third 


Davis, Foote, and Rayner, Second Edition, 174. 


*The method described detail “Instructions Topographers the 
Geological Survey.” 
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Point 
810.25 +0.04 810.26 +0.05 
—0.01 715.36 +0.07 
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large those the successive-circuit method. course, the two Dell 
methods yielded identical results. 

Each the Dell methods and the Geological Survey method required 
about equal amount labor. However, the writer believes that the lay- 
man will find Method the easier apply. The successive-circuit method 
much easier application than the others; but also the least 

evident, therefore, that for engineers who meet this problem, Mr. 
Dell has provided two methods that are mathematically correct and conveni- 
ent, thus making unnecessary and inexcusable the use approximate 
methods. 


submitted this subject Professors Church and Rayner contain interest- 
ing and helpful comments. Both writers find the distribution method superior 
from the standpoints simplicity and applicability. 

The example analyzed Professor Rayner typical indication the 
errors inherent “compromise” methods adjustment. Professor Church 

has clarified important item pointing out 
that the corrections are substantially independent 
the order adjusting the separate circuits. 
has also made noteworthy observations 
regard the elimination undue refinements 
precision. 

The original solutions were prepared with 


view presenting methods capable yielding 

results correct approximately 0.001 ft, and 

therefore, applicable precise surveys. For ordi- 

nary level nets, which inaccuracy 0.01 

Fic. any section permissible, two cycles will gen- 
MENT Net, erally sufficient supplemented occasional 


arbitrary corrections 0.01 ft. Fig. illus- 


trates the solution Example No. under such conditions. will noted 
that the end the second cycle the only remaining error was Circuit 
No. this was eliminated changing the correction Section No. 
0.04 ft. 


Associate Civ. Eng., Univ. Illinois, Urbana, 
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Paper No. 1941 


STRUCTURAL BEAMS TORSION 


AND BRUCE JOHNSTON,? JUN. AM. Soc. 


Synopsis 


Results study the torsional properties standard structural steel 
beams are offered for discussion this paper. The purpose the investi- 
gation was furnish reliable basis for the design structural members 
subjected torsional loads. The relation between torque and stress the 
one hand, and between torque and twist the other, for any piece subjected 
torsion involves constant the value which function the 
material and the shape the cross-section. accurate method given for 
the evaluation this torsion constant, for standard H-sections and I-sec- 
tions, taking full account all factors involved. This has been made pos- 
sible applying the “membrane analogy” about sixty sections widely 
varying flange, web, and fillet proportions. 

The investigation included study the effect end fixity torsional 
design, and shows how may obtained effectively. The proposed formulas 
are applied practical design problems, and are checked torsional tests 
structural steel sections ranging size from I-beam weighing 7.5 
per ft, 12-in. beam weighing 190 per ft. 

April, 1935, Proceedings. 


Prof. Eng. Materials, Chg., Fritz Eng. Laboratory, Lehigh 


*Instr. Civ. Eng., Columbia New York, (Formerly Lawrence 
Calvin Brink Research Fellow Civil Engineering, Lehigh Univ., Bethlehem, Pa., 
Immediate Charge Torsion Investigation.) 
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The problem pure torsion applied non-circular sections was first 
treated correctly Saint 1855, and his general solution 
applicable any cross-section. 1903, (2) showed that thin 
membrane were stretched across hole having the shape the cross-section 
question and distorted slightly, the equation its surface had the same 
form the general differential equation involved the torsion problem. 
Prandtl showed that measuring the volume and slopes the displaced 
membrane direct measurement the torsional rigidity and stress was 
obtainable. analogy, with thin soap film membrane, was used 
several torsion investigations, first England Griffith and Taylor (3) 
who studied the torsional strength aeroplane sections 1917, and, later, 
the United States Trayer and March (4), who, 1930, made similar 
studies for the same purpose. 

Important contributions the torsion problem have been made 
Timoshenko (5). has shortened the pure torsional theory slight 
modifications Saint Venant’s equations and mathematical application 
the principles the membrane analogy. was also among the first 
consider the effect produced preventing the warping cross-section. 
This problem has had the attention numerous investigators connection 
with problems elastic stability and buckling during bending. Sonntag (7) 
treated the theoretical aspects this problem article published 1929. 


INTRODUCTION 


The investigation reported herein was undertaken study all 
available information the subject, both theoretical and experimental, 
supplemented considerable number actual torsion tests structural 
steel beams and soap film experiments various cross-sectional shapes. 
The writers first considered testing beam sections length, welded 
thick plates the ends. study the problem, however, showed that 
such beams would several times stronger than they were tested free- 
ended, and that, unless the exact percentage end fixity was known, 
would not possible draw from such tests. 

order study the effect end fixity directly, tests were first made 
eight sections 3-in. I-beam (7.5 per ft), varying from in. 
in. length and cut from the same rolled section. The ends each piece 
were welded plates in. thick, and the specimens were tested standard 
000 torsion machine. 

The results these tests pointed the way revised general program, and 
torsion testing rig capable applying torsional load 750 000 in-lb was 
designed. Provision was made for testing beams either fixed free the 
ends, and with lengths in., ft, ft. Nineteen different tests 
were made, beams with the ends fixed welding the side and 
end plates form box section the ends, and seven with ends free. The 
beams ranged sizes from the 3-in. I-beam, weighing 7.5 per ft, 


*The numbers parentheses refer references given Appendix 
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12-in. beam weighing 190 per ft. Tensile and shearing properties 
the material each type.of beam were obtained standard tensile tests, 
round bar torsion tests, and slotted plate shear tests. Soap film experiments 
fifty-seven differently proportioned sections were made for the determina- 
tion the torsional rigidity. 

This paper contains the final summary all phases the investigation. 
Use has been freely made the findings previous investigators, for which 
acknowledgment made appropriate points. 

symbols this paper are introduced the text they 
and are summarized for reference Appendix II. 


Tue Torsion 


General Problem.—The solution the torsional properties section 
any shape consists primarily determining the distribution lateral 
shearing stresses over the cross-section. The shear components will 
uneven distribution, except the case the circular section, and 
result plane sections will warped during twisting shown Fig. 
(Note that, Fig. 1(c), the web and each flange are warped individual 
rectangles, addition the warping the section whole.) 


After Twisting " on Center Line 
No Warping 


CIRCULAR RECTANGULAR 
SECTION SECTION 


After Twisting 


Before Twisting 


= 
STRUCTURAL BEAM SECTION 


Fic. Bars Fie. 2.—SECTIONS HAVING APPROXIMATELY EQUAL 
Cross-SECTIONS TORSIONAL RIGIDITY 


assumed that the lateral displacements are proportional the angular 
twist and the distance from the twisting axis (as the case circular 
section). The longitudinal displacements cause the warping, and the result- 
ing distribution shearing stress taken care introducing “stress- 
function,” and This function must satisfy the differential equation: 

which, the shearing modulus elasticity, and angle twist, 
radians per inch. may shown that the function, must con- 


stant along the boundary the section for solid bars, and, therefore, 
chosen arbitrarily equal zero. 


1 4 3 
| 
1" 
: 
ed 
= 
: 
| 
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the boundary conditions are such that Equation (1) may 
and the value determined, possible evaluate the torsion con. 
stant the section and find the stress any point the 
Formulas for the torsion constant and critical shearing stresses have been 
derived this manner for such sections the square, rectangle, ellipse, 
equilateral triangle, and sector circle (1). 

the case the circular shaft the shearing stress components have 
uniform distribution along each radius, and since the longitudinal shear 
likewise evenly distributed, there longitudinal warping first-order 
importance. The well-known simple theory using the polar moment 
inertia thus applicable the case the circular section. 

If, some way, warping which takes place non-circular sections 
restrained prevented, longitudinal fiber stresses will introduced and the 
beam stiffened and strengthened. 

The Membrane (1) may solved mechanically for 
any cross-section means Prandtl’s membrane analogy, thereby over- 
coming the mathematical limitations the theoretical derivation. 

the application this analogy, soap film stretched across 
opening having the same shape the structural section under consideration. 
The bubble distended slightly variation pressure. Prandtl showed 
that the following relations obtain for this bubble: (1) The torsion constant, 
proportional the total volume the displaced bubble; (2) the shear- 
ing stress any point proportional the maximum slope the 
film that point; and the contour lines the bubble give the direction 
maximum shearing stress. 

The analogy also useful aid visualizing the rigidity and stress 
distribution various sections, and makes evident why the four sections 
shown Fig. have approximately equal rigidities pure torsion, since 
the volumes the various soap bubbles are approximately the same each 
case. This would not the case the ends the beams were restrained. 


THE Torsion CoNSTANT 


torsion constant, the measure the torsional ri- 
gidity and twisting deflections. also part any formula for torsional 
shearing stresses, and may determined from test results observing the 
ratio torsional moment unit twist, radians per inch, any place 
below the yield point the beam, and dividing this ratio the shearing 
modulus elasticity. 

The Relation Between and J.—When torsional couple, applied 
circular shaft radius, the maximum shearing stress, the sur- 
face, given by: 


which, polar moment inertia. terms Equation (2) may 


detailed description the soap film studies given thesis Bruce 
Johnston, Jun. Am. Soc. E., presented Lehigh University partial fulfillment 
the requirements for the degree of Master of Science. 


. 
| 
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re-arranged read: 


The torque, may also expressed terms and thus: 


For non-circular sections the torsional resisting moment may again 
expressed terms and with the substitution the torsion 
constant, place thus: 


The torsion constant, equal the polar moment inertia for circular 
sections. Although for non-circular sections always less than the polar 
moment inertia, there direct relation between the two factors. 

The dealing with structural shapes, two principal types 
section require consideration, the rectangle, and the rectangle modified 
sloping sides, the flange standard I-beam. the case the 
rectangle accurate formula was derived originally Saint Venant (1): 


(6) 


rectangular section; and factor depending upon the ratio, but 


practically constant for Fig. shows the values for from 


0.10504. Equation (6) finds direct, qualitative interpretation the 
0.105 


(b) PART SECTOR 


Side Ratio (c) SLOPING FLANGE SECTION 


861 
4 
w 0.099 = 
0.097 
0.095 
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soap film analogy. evident that for long rectangular sections the bubble 
will constant cross-section along the central part, but the two ends 
will contracted and brought down meet the small side. The 
quantity, then represents the “end loss,” which for long sections 

also follows that the ends were made discontinuous, they were 
parts infinitely long rectangles, one might state without error: 


The Section with Sloping (8) provides basis for 
evaluating for the sloping flange section. Considering the section shown 
Fig. 4(a), let the thickness any point taken Then, the ends 
are assumed discontinuous: 


Evaluating terms and and integrating: 
which major flange thickness and minor flange_ thickness. 


deduction must made for end effects, the case the simple 
rectangle, thus: 


which and are the end constants, for the large end and the 
small end, respectively, the flange (see Fig. 5). The evaluation these 
two constants was the work Professor Reynolds, through analysis 
section having the shape shown Fig. 


and, 


which the total slope the section; that is, 


Torsion Constant for H-Beams and I-Beams.—The foregoing supplies 
basis for evaluating the K-values the component parts. Taking the section 
shown Fig. 4(c) basis for the sloping flange section, the sum two 
trapezoids and small rectangular part expressed by: 


‘Theory of Elasticity,” by A. E. H. Love, Fourth Edition, p. 319. 


End Constants V. and V; 


and for any differential length, dz, along the section: 
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which the K-value for the flange. The web considered 
discontinuous section between the flanges, giving: 


which the K-value for the web; total depth beam; and, 
thickness web (see Fig. 6). There still remains the evaluation 
the added rigidity due the connection the flange and web and also due 
the fillet this point. evident that these will cause considerable 


“hump” the soap bubble. 
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Fic. 5—ENnp CoNnSTANTS FOR K-VALUES OF FLANGES WITH Fic. 6. 

Trayer and March (4) aircraft strut sections 
assumed this addition the torsion constant proportional the 
fourth power the diameter the largest circle that can inscribed 
the juncture the web and flange (see Fig. 6), giving, additional 
K-value: 


which the diameter inscribed circle; and factor that 


Values for sections with parallel-sided flanges, and for sections with 
flange slopes are given Fig. These curves were determined 
experimentally the result soap film tests which will described sub- 
sequently. will noted Fig. 7(a) that for parts the curves the 
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right a-a, the lines are parallel and uniformly spaced. standard 
rolled beams are this area, which case, for parallel flange sides: 


0.2 0.4 0.6 0.7 0.8 0.9 


7.—VALUES FOR RIGHT-ANGLE JUNCTION FLANGE 
AND WEB, 


For flange sections with side slopes and the follow- 
ing formulas represent interpolaticn between the curves Fig. 


Values of @ 


m m 


and, for slope 50: 
™ ™ 


The various elements entering into the total K-values, can now sum- 


marized follows (refer Fig. 6): 


For sloping flange sections, 


™m™ 
0.18 
a 
| Values of | 
0.02 
0 
0.16 
0.06 ( 
( 
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Values and for standard slopes are, follows: 


and, for sections with parallel-sided flanges, 


(a) 


by Cushman 
Soap Film Tests 


341.0 280.0 
(Approx.) | (Approx.) 
22.2 
t} (Approx.) 


78.1 38.3 
(Approx.) (Approx.) 


Percentage Increase of Stress in Fillets 


T 
Fixed Ends 
1'6" 


0 0.4 os 1.2 16 2.0 
(i) Ratio 
Fig, 8.—TorsionaL RIGIDITY AND Fic. For Stress CONCENTRA- 

TIONS 

AREAS, 


Diameter may determined large scale layout, the following 
formulas: 


For parallel-sided flange sections, 


2r+n 


865 
240 
SECTIONS RIGIDITY | STRENGTH | 
200 
637.0 332.0 : 
\\ Timoshenko 
«) Trefftz| 
70.0 62.0 /\ Westergaard and Mindlin 
120 Soap Film Tests 
‘ 
Nearly Exact} (Approx,) 
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for sloping-sided flange sections, 


which the maximum flange depth shown Fig. and, 


Comparative Efficiencies Different shows the com- 
parative torsional efficiencies certain different shapes, illustrating the 
striking advantages the hollow box, tubular, construction. These ad- 
vantages would not obtain entirely the section were built use 
bolts rivets. 


General Statement 


Structural members are often required carry torsional loads, generally 
secondary factor combined with bending direct stress. Problems 
involving the bending unsymmetrical sections, and problems elastic 
stability, such the buckling flanges during bending, also require knowl- 
edge torsional properties. 

the design short beams carry torsional loads considerable advan- 
tage may obtained fixing the ends, resulting increased strength and 
rigidity, with corresponding decrease angular deflection. External fixity 
not needed—it only necessary box the two flanges each end and 
thereby prevent, nearly possible, their relative warping. The two 
flanges then act two rectangular fixed-ended beams carrying lateral dis- 
placement, mutually opposed direction. 

designing long beams, the end effect tapers out rapidly toward the center, 
and the formulas for pure torsion, free-ended, will adequate and simpler 
their application. would still practical advantage and means 
additional safety, however, the ends the beam. 


Free-Ended Torsion 


considered. Regardless the partial restraint that does exist inci- 
dental feature the details, such design will the safe side. The 
critical shearing stresses will occur along the outer surface the beam 


where the material thickest, generally along the outside center line the 


flange and along the inside re-entry fillets. 

The shearing stress function the thickness the material and the 
following formula proposed for the maximum shearing stress the flange 


For parallel-sided flange sections, 


0 
1 
a 
1 
Ta 
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for sloping flange sections, 


(256) 
and for shear stress the web, 
(26) 


which torsional moment. Although Equation (26) accord with 

torsional theory gave results which proved low comparison with actual 

tests. The following tentative formula was found give better agreement: 


Equation (27) was adopted for use the reported investigation. More 
accurate stress formulas might developed further use soap film tests, 
taking slope measurements critical points, and testing sections with 
various ratios web, fillet, and flange was done determining the 
torsion constant. equation similar Equation (27) will give practically 
the same values for flange stress Equation (25), thus: 


Equation (25) was used the reported investigation. 


Concentration Shearing Stress Re-Entry Fillet 


the re-entry fillet I-beam torsional shearing stress concentrations 
occur due the sharp curvature the fillet. These stresses are mostly 
local nature and not greatly influence the yielding the beam whole. 
Although they not necessarily govern the design the beam they are 
important the study adequate fillet sizes and the determination 
loads producing strain lines the fillets. beam subjected flexural 
well torsional stresses the total stress concentration the fillet the 
sum the stresses due these two causes. 

The concentration torsional stress the fillet between flange and web 
illustrated Fig. for the formulas developed Trefftz(8), 
Timoshenko(5), and Westergaard and Mindlin, and for soap film experiments 
conducted Griffith and Taylor(3), and Cushman(13). The analysis 
resulting the Westergaard-Mindlin curve was communicated the writers 
its originators. noted that all curves indicate rapid increase 


stress concentration with the decrease the ratio, between the radius 


the fillet and the thickness the section next it, particularly for 
ratios less than 1.0. Strain lines, therefore, will appear relatively small 
torsional moment for sections having small fillets. 

the fillets become increasingly large another factor introduced since 
the increased stress due the greater thickness material becomes more 
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importance. The rigidity the beam increased proportion the third 
power the thickness, whereas the stress varies directly with the thickness. 
Hence, for any given moment the stress would actually decrease. The curve 
soap film tests Griffith and Taylor indicate this reverse effect, but 
further experiments along this line should conducted establish these 
relations more definitely. 


Fixed-Ended Torsion 


Assumptions.—If the ends non-circular section are fixed some 
manner prevent free warping the end section, pure torsion 
longer exists. 

Various investigators have studied this Timo- 
shenko(5), Sonntag(7), and others. 1930 investigation channel 
sections was reported Seely, Putnam, and Schwalbe (10). These investi- 
gators have generally been concerned with the problem elastic equilibrium 
involved the side buckling and twisting beam bending without 
lateral support. Hence the torsion problem has been secondary issue. 

the present tests both ends structural beams have been fixed 
welding heavy end plates and additional side stiffening plates between the 
flanges each end the beam. The major stiffening effect produced 
that fixing the flanges relative each other. (Refer Fig. 10.) The 


prevention the individual warping the component rectangular parts 
would taper out rapidly that would negligible importance; but, 
fixing the flanges with respect each other, the effect two opposed 
fixed-ended beams produced, illustrated Fig. 10. 

The following assumptions have been made: (1) The flanges remain 
right angles the web; (2) the angular deflection small compared with 
the length the beam; (3) the bending each flange about its weaker axis 
negligible factor; (4) point the neutral axis one flange can 
located with sufficient accuracy co-ordinates measured along the per- 
pendicular the original position the axes; (5) the two ends the beam 
are held between mutually parallel planes twisting takes place; (6) the 
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displacement the flanges due beam action due bending only (that 
is, lateral shearing deflection neglected; correction made afterward for 


shearing deflection very short beams); and (7) moment inertia 


one flange about the web axis. 

Assumption (7) quite accurate and great convenience the case 
standard I-beams and H-beams for which given all handbooks. The 
following symbols addition those previously given will used: 


and for sloping flange sections, 


z+n 


which distance between flange centroids; or, approximately, 


or, for steel, 


which sufficiently accurate for practical purposes. 

General the equilibrium any cut 
section shown Fig. 11. The outer torsional moment must resisted 
the internal moment the resisting forces, thus: 


which torque required twist beam free-ended condition; 
and total lateral shearing force developed one flange. terms the 


chosen co-ordinates, dy, approximately, and the twist, per unit 


length Hence, 


Furthermore, assuming that the larger moment inertia one flange 
equal 


| 
3 
2KG 
Considering Equations (29), (30), and (31): 
El, 
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general solution this differential equation: 


Torsion with Both Ends proper evalution the con- 
stants for the conditions obtaining beam fixed both ends: 


which length the beam. For the total deflection equals, 
2KG\a 
The moment each flange equals, 
cosh 
which and, furthermore, the shear each flange equals, 
3 


The longitudinal stresses along the outer fibers the flanges will 
given by: 


a 


Critical stress will either longitudinal stresses the end the beam, 
the sum the lateral and torsional shearing stresses the center the 
beam. 


the end the beam, and, consequently, 


and the center the beam, giving, 


an 


W 
fle 

in 
m 

Ing 
co! 
the 
i 


STRUCTURAL BEAMS TORSION 871 


the center the beam both the lateral and torsional shearing stresses 
will maximum the middle the flange. 
the simple beam theory, the lateral shearing stress will be: For parallel 


flange sections, 


41, 


which for one flange. For sloping flange sections, 


For torsional shearing stress the center the beam, the approximate 
formulas proposed Equations (25) and (27) are applied. Instead 
the torsion constant, equivalent constant must introduced, which 
measured the rate angular twist the center the beam. 
obtain this, differentiate Equation (35) with respect giving the 


and from this relation and the substitution expression 


derived for the center; thus, 


x 
cosh 


cosh 


This derivation (Equation (44)) has been based the assumption (6) that 
deflection due bending only. the beam shortened, however, shear- 
ing deflection becomes increasing importance and should considered. 

Timoshenko(6) has indicated strain energy method for calculating the 
deflection due shear when cross-sections are constrained from warping. 
combining his result for the simple cantilever beam the correction, 


2 
2.95 obtained for fixed-ended beam with point inflection 


the center; that is, 


B 
cosh| 
and, denoting the “equivalent” torsion constant the center 
cosh 
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Using the measure shear developed the center 
the beam instead and combining Equations (25) with Equations (42) 
and (41), Equations (47) (53) are derived for combined torsional and 
lateral shearing stresses, follows: 

Total Shearing Stress Center Beam (Along Center Line 
Flange).—For parallel flange sections: 


for sloping flange sections: 
12h mI, cosh 
and the stress the web may computed by: 


Total Twisting Deflections Fixed-Ended Beams.—Equation (46) pro- 
vides equivalent torsion constant based the unit angular twist the 
center the beam. measure the total twisting deflection the beam 
over the entire length desired and can obtained effectively evaluating 
average equivalent torsion constant, which will denoted C,. 

The expression for total angular twist is, then: 


(49) 


For very short beams most the deflection that producing shear and 
approaches value. Equation (36) expression for the total 
deflection the flanges due bending only. Constant may evaluated 
from Equation (36) far bending deflections are concerned. 


The ratio reduces the following expression: 


(50) 


The graph given Fig. 12, permitting the quick 

tion after known. the length approaches zero, should 

approach value and the curve Fig. gives the reduction made 


= Ratio — Bending Only 


q 
= 
q 
| 
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From Fig. 12, 1.42; and, from Fig. 13, the reduction (0.42) (0.105) 


c 
0.44; or, 6.00 (1.42 0.044) 8.28. 
Torsion with One End and One End Free.—Often, cases com- 
bined bending and torsion, one end the beam will relatively unre- 


Ratio — Bending Only 


Co 


Length Ratio 2a Length Ratio { 


strained while the other end fixed. the free end there will lateral 
shearing stresses the flanges and the shearing stress formulas (Equations 
(25)) for free end torsion will apply. The evaluation Equation (34) for 
these end conditions gives the following: For maximum bending moment 
the flange the unrestrained end: 


Torsional Moment in Thousands of inch-Pounds 


10 12 “4 
Length of Beam in Feet 
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and for maximum direct fiber stress the outer edges the flanges the 
restrained end: 


Tab 
The total angle twist given by: 


Equation (53) will accurate for all except very short beams. 

Fig. shows the application the proposed formulas for maximum 
longitudinal and shearing stresses varying lengths 8-in. H-beam 
fixed both ends. noted that for lengths ranging between about 
and the longitudinal stresses based allowable stress 000 
per in. determine the design. For very short lengths and for long lengths 
the shearing stresses are critical. 

Design End Connection.—It suggested that the end connections 
built illustrated Fig. 15. Connections this type proved very satis- 


Numbers Indicate 
Sequence of Tests 


GENERAL VIEW 
Fig. 15.—Fixep-ENDED BEAM. Fic. 16.—Types or Sections Stupiep BY SoaP 


factory the actual torsion tests and provided comparatively complete end 
fixity. The purpose the end plates prevent relative warping the 
flanges, and the following approximate analysis should serve guide the 
design. The moment one flange the end obtained from Equation (37) 


The value should measured the over-all length. Let the total 
shear the beam the stiffening plate; and the distance between the 
stiffening plates. Then, the stiffening plates alone are assumed fix the 
ends the beam: 


eI 
81 
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Substituting Equation (54): 


The stiffener plate welded both flanges and the end plate well. 
The stiffener and the adjoining part the end plate act short fixed- 
ended beam holding the flanges place. attempt was made analyze 
the load distribution, and the design the test beams was largely matter 
judgment. 

The following tentative suggestions are made the result the tests: 


(1) The length the stiffener along the beam should equal about 
three-fourths the width the flange for H-sections and the full flange width 
for I-beams; 

(2) The thickness the stiffener plate material should greater than 
that the web thickness greater than one-tenth the length the stif- 
fener plate along the beam; 

(3) The stiffeners should machined tight fit between the flanges 
and should welded flange and end plate continuously the outer part; 

(4) The end plates should have thickness equal twice the maximum 
thickness the beam material; and 

(5) The beam should cut square and welded the end plate with 
continuous fillet weld about the entire beam end. 


The stiffener plate and the weld between and the flange should 
designed resist the shear computed Equation (52). 


Design Examples 


General most economic structural H-beam I-beam for 
torsional strength one which the material most nearly constant 
thickness throughout and thick and compact obtainable. Column sec- 
tions with parallel sided flanges and the heaviest rolling each series 
most nearly satisfy these requirements. 

The torsional design should made with ends assumed free the 
riveted bolted end connections; any percentage end fixity inci- 
dentally present will simply provide additional factor safety. Only 
shearing stresses computed Equations (25) and (27) need considered 
free-end design. 

Beams with boxed and continuously welded end connections will 
somewhat stiffer and stronger depending the length. Both longitudinal 
stresses and shearing stresses must considered (see Fig. 14). Tests indi- 
cate that the shearing stresses generally determine the yield point the 
beam whole. The local direct stresses the ends affect initially only 
small part the beam and are the nature secondary stresses. Shearing 
yield the other hand occurs along the entire beam length. The allowable 
direct fiber stress will made 000 per in. the present discussion. 
suggested that allowable fiber stresses usual secondary stress design 
applied general these stresses. 
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General following data apply all the examples: Allowable 
working normal stress, 000 per in., for secondary stresses due 
fixed-end torsion; allowable working shear stress, 12000 per 
000 000 per in.; 150 000 per in.; Poisson’s ratio, 
uniform torsional moment assumed act; 0.01745 radian; and 
radian 57.30 degrees. Computations these problems were made with 
10-in. slide-rule. 

Design Example A.—A long beam with torsional deflection limited: 
Assume beam long designed resist total torsional moment 
000 in-lb with maximum total twist under the load limited 1.2 degrees. 
The procedure for designing the beam free ended involves three steps: 
(1) Determine the unit angle twist, radians per inch, thus, 


1.2 0.01745 
value from Equation (5), thus, 


radian per inch; (2) calculate the required 


and refer standard tables K-values* and pick out the most econo- 
mical section. this manner, Bethlehem section, in., 124 
per (with 20.37) will satisfactory. The end connection will pro- 
vide additional rigidity and will allow small tolerance picking sections. 
Design Example B.—Analysis the torsional strength short beam 
(B8b, per ft), with different end connections: The general 
data applying this case are: in., over-all; 5.145 88.6 


tanh 0.8397. 


The free-ended working strength computed Equations (25) thus: 
(2) (5.145) (12 000) 
D+n 1.206 0.933 


determine the fixed-ended working strength, based shear, compute 
the equivalent torsion constant, for the center the beam Equation 
(46), thus: 


1.8412 


in-lb. 


Then, from Equation (47), 
9 
1.206 0.933 


See, for example, Bethlehem Manual Steel Construction, Catalog S-47, 1934, 285. 


q 
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determine the fixed-ended working strength, based longitudinal 
fiber stresses ends (tension compression), apply Equation 


000 
27.0 8.287 0.8397 
8.067 88.6 
The longitudinal stresses, therefore, determine the design the beam, and 
the allowable torsional moment 84000 

The shear resisted the end plate computed Equation 
thus, assumed 6.5 in., 
84000 27.0 

8.067 6.5 
plate fitted into the space between the flanges and in. 
length along the beam, will satisfy the requirements suggested. Assume 


fillet weld between the stiffener and the flange. 8.827 
6.41 in., 


84000 


641 


The stress the plate is: 


2x6 


and the weld: 


which too high. Make the plate in. long rather than in. Then the 
stress the weld is: 


which less than the limit per in. the Ameri- 
Bureau Welding. 


Soap Bubble Tests: Purpose and Program 


The purpose the series tests reported herein was evaluate, accu- 
rately, the torsion constant structural H-beam and I-beam sections. Specifi- 
this problem narrowed down determining the added torsional rigidity 
introduced the juncture two rectangles, with fillets the re-entry 
corners, excess the torsional rigidity these rectangles treated 
separate members. The problem, therefore, was determine Equation 
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(16). order establish the value for any shape section was 


necessary consider two variables, the ratio web flange thickness, 


and the ratio fillet radius flange thickness. Furthermore, was 


essential study sections with sloping flanges well those with parallel 
sides. 


program tests was outlined cover wide range the two variables, 


and Although would have been desirable measure the slopes 


the bubbles and thereby study the stresses, particularly the fillets, such 
study would have greatly reduced the total number tests possible. was 
thought better establish the torsion constant definitely, which case 
was only necessary measure the volume the displaced bubble. each 
series basic web and flange thickness was adopted and after testing the 
section with zero fillet radius, the various fillets were cut away sequence 
shown Fig. 16. 

The curves obtained from the test results are shown Fig. was 
found that scattered points occurred along the lines 0.0 and 0.2 fillet 
radius. These variations may due the difficulty machining the plates 
with the small fillets, slight inaccuracy causing considerable variation 
the diameter, the inscribed circle. further difficulty encountered 
the plates zero fillet radius due the tendency the soap film 
jump across these sharp corners. Most the structural beams actually rolled 


have ratios and both greater than 0.5 and this area the data were 


quite consistent. 


Tests Steel Beams: Purpose and Apparatus 


Torsion tests were made steel beams, with several objects view. The 
sections themselves were chosen give range shapes and sizes 
great possible, and tests certain unusual shapes, which are not present 
standard, were nevertheless valuable the investigation. 

Tests free-ended conditions were made number beams order 
check the results the soap film experiments and the corresponding 
method calculating the torsion constant. these tests the distribution 
shearing stress was studied, and check was obtained the proposed 
approximate formulas for stress. Tests fixed-end conditions were made 
different shaped beams and the effect variations length was studied. 
type end-connection design was developed give considerable degree 
fixity. 

standard torsion machine 26000 in-lb capacity was used test 
3-in., fixed-end I-beams, various lengths. was also used for torsion tests 
round bar samples all material determine the shearing modulus 
elasticity. 


| 
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The cable torsion rig, shown Fig. 17, with ultimate capacity 
750000 in-lb was used the major Most the large beams were 
tested lengths ft, but two tests each were made beams in. 
and long means the same sheaves and cables adapted for use with 


Fic, Bar. 19.— CONNECTION FOR 
BreamMs. 


shorter top and bottom beams. During the tests light beams, cables in. 
diameter were used because their flexibility and ease handling, but 
the tests the heavier and shorter sections the cable was changed in. 
diameter order develop the full capacity the machine. 

The sheaves were made material in. thick and were machined 
minimum diameter in. hole bored through one the diameters 
allowed continuous action and reversing the cable without fouling intro- 
ducing bending moment. This machine gave perfect satisfaction every 
respect and was easily set and dismantled. During tests the apparatus 
was such state balance that the heavy pulling beams could easily 
tilted either way hand while maintaining heavy torsional load the 
test specimen. 


Jun, Am. Soc. Engineering News-Record, February 28, 1935, 10. 


| 
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Measuring level bar illustrated Fig. was built 
measure the change relative altitude two points in. apart. 
used measure relative angle changes all the beam tests. The micrometer 
vernier permitted readings 0.0001 in. and the level bubble was sensitive 
micrometer changes about 0.0003 in. The total range the instrument 
was about from the original level position. 

The torsion meter was used the torsion tests round bars the 
000-in-lb torsion machine measure the angular twist over section 
the bar. This device consisted two steel collars attached 
thumb screws the bar and provided with two 1:1000 Ames for 
measuring the tangential displacements. The instrument was the same 
that used and described previous investigation the Fritz Laboratory.’ 
Twenty tensometers were used obtain the strains all critical points 
during tests. 

Test Procedure and each torsion test, whether fixed free- 
ended, there were three principal objectives: First, learn much 
possible about the strain and stress distribution; second, measure the 
torsional stiffness, ratio torsional load angular twist; and, third, 
learn the useful torsional load-carrying limit the beam 

The strain and stress distribution was studied two ways: First, 
tensometers which were sensitive changes strain corresponding from 
150 300 per in. stress, depending the model type; and second, 
the beams were whitewashed with mixture water and hydrated lime 
which showed the distribution and location the first surface strain-slip 
lines. 

stresses from the observed strains the same values 
and those used Design Example were adopted. The 
torsional stiffness was gauged measuring the relative angle changes be- 
tween two points along the beam use the level bar. the free-ended 
tests the angle changes were measured over 36-in. length along the center 
part the beam. the fixed-ended beam the unit angle change varied 
along the length and the average stiffness was obtained 
measuring the relative rotation the end plates and points short dis- 
tance from each end where the ended. 

The yield point the beam whole was obtained study the 
torque-twist diagrams and knowledge the load when the first strain- 
slip lines appeared. few cases definite drop the beam was noted 
and, such cases, this was taken the yield point. most the tests 
the yield point was taken the torsional moment corresponding the point 
the torque-twist diagram where the co-tangent the slope was 1.5 times 
the value the co-tangent the slope the straight part. 

Test Appendix III, gives general summary all 
the tests made, including dimensions beams and computed K-values based 
actual dimensions. The dimensions were obtained means micrometers 


Properties and Poisson’s Ratio Structural and Alloy Steels,” 
Am. Soc. E., and Godfrey, Proceedings, A.S.T.M., Vol. 33, 
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and calipers. Readings were taken number different places the 
beam, and averages from them were used calculate the weight the beam 
per foot length. Furthermore, the beams were actually weighed and any 
discrepancy between computed and actual weight was taken care 
adjusting the average measured dimension give the actual weight. 

Table Appendix III, .presents the physical properties based tests 
samples taken from the test beams. The tensile values are based the 
average two tests American Society Testing Materials standard tension 
test specimens (2-in. gauge length). The torsion tests and slotted-plate shear 
tests were made the same manner described previous investigation 
the Fritz Engineering most cases, the tensile specimens 
and round-bar torsion specimens were cut from the material where the 
flange and the web join, this point that critical torsional stresses 
develop. The material for the slotted-plate test specimens was cut from the 
webs the beams. 

Free-Ended tests were made seven beams. Each 
specimen was held the torsion rig two bolts each end which passed 
with loose fit through the web and through the two angles, the angles being 
welded end plates which, turn, were bolted the sheave plates the 
testing rig. Torsional moment was applied means lugs welded 
the end plates which engaged the flanges the test specimens. The flanges 
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were thus free warp and the beams were almost entirely unrestrained 
the ends. Fig. shows the details one end the largest beam tested 
and typical all the free-end tests which were made. 20(a) and 
show typical torque-twist diagrams two the tests. Figs. 20(b) 
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and 21(b) show the stress distribution based tensometer readings taken 
these same tests. The tensometers were placed the flange and web 
surface about the center cross-section the beams and were set 
angle 45° with the longitudinal axis the beam, order measure 


- Material Yield Point 


Stress Distribution at 
Beam Yield Point 
Yield Point of Beam 


Drop of Beam and Strain 
Lines along Fillets 
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190 Foor. 

one the principal strains which, the case pure shear, will equal 

both directions. Figs. 20(b) «nd 21(b) the shaded areas show the 

stress distribution for 12000 per in. 

The data actual stresses from tensometer readings were available 
only limited number points. drawing the curves stress distribu- 
tion these data have been supplemented known facts, deducible from the 
general torsional theory, soap bubble tests, and from the actual beam tests; 
that is: (1) The shearing stress equals zero outside corners; (2) there 
“hump” the stress curve the outside center the flange, particularly 
the fillets and the web thickness are relatively large compared with the 
flange thickness; and (3) the shearing stress the surface the flange 
and web approximately proportional the thickness the material. 

Table Appendix III, summary the results obtained the free- 
end tests. Good agreement shown between the torsion constant computed 
from the measured dimensions and that obtained from the test results. The 
test value for was obtained from the slope the torque-twist diagram 


and from Equation (5); thus, G6; or, 


The maximum variation for the K-value test results was 6.7 and 
the average variation seven tests was 2.26 per cent. noted that 
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for the heaviest beam tested was about two hundred times greater than 
for the lightest beam and that the corresponding agreement for these tests 
was expressed variation 0.9 and 0.0 per cent. 

The shearing stress computed Equation (25) gave average stresses 
less than those based tensometer readings. The stresses the web 
Equation (26) which, theoretically, should correct, were much lower 
than computed from tensometer readings. Equation (27) was suggested 
the basis these tests which, course, are not complete enough sub- 
stantiate its adoption definitely. However, both Equations (25) and (27) 
are believed usable for practical design purposes with ordinary values 
allowable shearing unit stress. The following special remarks apply the 
individual free-end tests: 


Test 7-12 strain lines appeared along the fillets in-lb; and 
along the outside center line the flange 15200 in-lb. The yield point 
the beam determined the slope the torque-twist diagram was 
15900 

Test the freedom the ends from restraint was checked tenso- 
meters placed longitudinally near the ends. The strains were negligible. 
The first shear strain line along the center line the flange appeared 
21210 25610 strain lines progressed rapidly along the flange 
and the fillets, and definite drop the beam was noted. 

Test 7-25 strain lines appeared along the fillets 50900 There- 
after, the slope the torque-twist diagram became nearly 50% greater 
than for lower loads, maintaining nearly the same slope 
The yield point was taken 50900 in-lb. Strain lines appeared along the 
outside the flange 77340 in-lb. 

Test 7-26 (see Fig. 20) slight checking the fillets was noted 
23000 with drop-of-beam yield point 25000 in-lb; strain lines 
progressed along the outside the flange 500 

Test 7-30 the yield the beam was noted the 1.5 1.0 slope 
the torque-twist diagram 64000 in-lb. The first strain lines appeared 
over the web indeterminate load due the presence heavy scale 
the section. 

Test (see Fig. 21) the beam and dropped strain lines occurred 
along the fillets 800 The yield point was noted the 1.5 1.0 slope 
480000 

Test 7-33 strain lines occurred along the fillets 600 Yield 
point and strain lines appeared along the outside the flange 400 


fixed-end tests were made beams 
different sizes. Tests T-13, inclusive, were made with different lengths 
3-in., I-beam. These specimens were welded end plates, in. 
thick, with continuous fillet weld. The end plates were bolted 
plates which were attached the jaws the standard 26000 
torsion machine. The relative rotation the end plates was measured 
level-bar readings taken each end. The remainder the beams were tested 
the cable-testing rig. All these beams were larger than the 3-in. I-beams 
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and were welded end plates with additional end stiffeners, fitted and 
welded between the flanges, was illustrated Fig. 15. 

Relative rotation the end plates was observed all beams means 
level-bar observations, and the twist the large beams having stiffener 
plates was also measured points just inside those plates. Strain readings 
for longitudinal and shearing strains were observed wherever feasible. 
Fig. shows typical fixed-end torque-twist diagram, and Fig. 
92(b), 22(c), and 22(d) show the computed stresses from strain readings 
the yield point the beam. These observations are typical all the fixed- 
end tests. 

Table Appendix III, gives the summary the test results for fixed- 
end beams. computing the values and the question arose 
the correct length used. 100% end fixity were possible the correct 
length would slightly less than the over-all length and somewhat greater 
than the length between the end stiffener plates. However, the over-all 
length the simplest approximation, and gives the best results com- 
parison with the tests, except the case very short beams with end 
stiffeners. these two tests (7-19 and 7-27, Table the apparent per- 
end-fixity seems inconsistently high. Two tests have unusually 
low percentages end fixity (see Tests and 7-24). The explanation 
for this given under the special remarks. The average, percentage end 
fixity with Tests and omitted 88.3 and all the 6-ft beams, 
except have end efficiency greater than per cent. 

most cases the yield points the beams were determined from the 
slope the torque-twist diagrams and the theoretical direct stresses com- 
puted the basis this yield-point torque are given Column (14), 
Table (Appendix IIT). noted that, spite incomplete end fixity, 
these stresses, every case, are above the tensile yield-point strength 
the material given Table (Appendix III). all the beams 


would have been designed the basis working, direct, fiber stresses. 
The average Column (14), Table (Appendix III), 55% more than the 
average yield-point strength the material the test beams. 

The computed and measured shearing stresses the flange agree well 
for all the 6-ft beams, with the exception and which the low 
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RELATION BETWEEN LENGTH AND STIFFNESS 


Jin Millions 
oa 


Torsional Stiffness ( 


(b) RELATION B 


Computed Free-Ended Stiffness 


ETWEEN LENGTH AND YIELD-POINT STRENGTH 


Torsional Moment in Thousands of Inch-Pounds 


Theoretical Torque for 


Gmax = 38 900 Ib per sq in. 


Free-Ended Yield for t =21 800 Ib per sq in. 


Length of Beam in inches ] 
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end fixity affects, directly, the shearing stress agreement. the short 18-in. 
beams with stiffener plates (7-19 and the discrepancy between the 
computations and the test results high, might expected. The computed 
stresses the web give approximate check the stresses indicated 
tensometers. Special remarks fixed-end tests are, follows: 


Tests were different lengths the same 3-in. I-beams and 
were well adapted show the influence end fixity the strength and 
stiffness with the length beam the only variable. The flange each beam 
was whitewashed that the appearance first strain lines might noted. 
Fig. shows the strain line pattern the flange one these beams 
after yield had taken place. Fig. 24(a) gives graph test results for 
this series showing the influence length upon the rigidity, and Fig. 24(b) 
illustrates the influence length upon the yield-point strength the beams 
Special attention this series tests was given Tests and T-10. 
Stress measurements were taken along the extreme fiber the flanges 
short intervals length and the lateral bending moment the flanges for 
definite torque load was computed from these readings. The bending 
moments along the beam were plotted and the curves were differentiated 
give the lateral shear the flanges. These results are compared Fig. 
with the theoretical variation shear Equation (38). 

Tests and should compared with the free-end test, 
the same section. Test was special run with additional stiffeners 
placed midway along the section. These stiffeners were the same type 
the end stiffeners and were parallel plane with the web. outstanding 
stiffener was provided. Although this additional stiffener gave the beam 
average stiffness 42% greater than Test provided only 40.1% 
the theoretical stiffness beam length, rigidly fixed each end. 
The design this beam would have been safe for strength, however, 
based the 3-ft length and designed for the proper longitudinal working 
stress. 

Test contrast Test T-15, was the heaviest 6-in. section 
rather than the lightest. should noted that effective fixity 96.8% 
was attained this test. The end stiffeners were in. thick and in. long. 
The torque-twist diagram and data stress distribution are given Fig. 
typical the results for fixed-end tests. 

Test 7-18, subway column, provided opportunity observe 
section extreme proportions. 

Tests T-19 T-21, together with free-end Test T-22 the same sized 
section, provided series different lengths 8-in. H-section. noted 
that the shortest beam tested showed end-fixity efficiency 101%, 
whereas the general trend for shorter beams should less end fixity because 
the greater strains placed upon the end connection. This effect ex- 
plained the fact that the over-all length was used the computations. 
Although this good approximation for the longer beams, the stiffness 
changes rapidly the short length range and the correct length some- 
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value less than that used. Fig. shows the strain-line distribution near 
the end Beam after yielding had occurred. 

Test the heaviest section the 8-in. H-sections, whereas Tests 
T-19 T-22 were the lightest weight section. 


Test interest because had the lowest end-fixity efficiency 
the 6-ft beam sections, with end fixity only 45.5 per cent. The re- 
maining 6-ft sections were more than 85% efficient end fixity. The 
explanation found the fact that the end stiffeners this base were not 
properly designed, and the beam not only pulled loose the weld from the 
end plate, but the end plate was badly warped during the test. The stiffeners 
were in. thick and in. long. Had they been in. long and in. thick, 
provided the tentative Design Suggestions (1) and (2) (see heading, 
“Design End Connection”), believed that much higher efficiency would 
have resulted. 

Tests 7-27 are three different lengths 12-in. The 
remarks concerning Tests 7-19 appear apply the case these 
beams also. 


AND 


Torsional Theory and the Torsion material presented 
this paper may outlined under eight divisions, follows: 


(1) The essential features the general torsion problem are outlined; 

(2) The application membrane analogy presented; 

(3) accurate and detailed method evaluating the torsion constant 
structural H-beams and I-beams presented (this method based 
known theoretical evaluation combined with factors determined experiment 
from the membrane analogy) 
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(4) Formulas are proposed for the shearing stress the flange and web 
due pure torsion; 

(5) The effect shearing stress concentration the fillets due both 
torsion and bending discussed; 

(6) The problem torsion with either one both ends the beam 
restrained studied detail and formulas for maximum shearing and 
longitudinal fiber stresses are given; 

(7) Specifications are suggested for the design welded end con- 
nection which will give high degree end-fixity efficiency torsion; and, 

(8) Detailed design examples are presented illustrate the application 
the formulas torsional design. 


Test Results—The purpose the soap film tests was determine, 
experimentally, the additive portion the K-factor due the added rigidity 
accruing from the juncture the web and flange with the corresponding 
fillets. this end, soap film experiments were made fifty-seven dif- 
ferently proportioned sections both with parallel and sloping flanges. The 
application the membrane analogy developed this investigation was 
restricted volume measurement only. The method used was rapid, and, 
believed, gave results having error considerably less than 
per cent. 

computing the K-values structural sections the experimentally deter- 
mined part amounts, the most extreme case, 10% the total 
Hence, experimental error would give possible error only 
0.1% the total K-value. 

Free-end torsion tests were made seven different beams ranging 
size from 6-in. H-beam per 12-in. H-beam 190 per ft. 
The heaviest beam had torsion constant about two hundred times great 
the lightest beam. 

The method applying the torque the ends the beam provided 
high degree end freedom. measuring the unit twist the free-ended beams 
and obtaining the slope the torque-twist diagram, the free-ended 
torsion tests provided (through Equation (5)) definite check the torsion 
constant computed the proposed method. Using per 
in., which theoretically correct for 29000000 per in. and 
0.30, the test results checked well with computed K-values. The maxi- 
mum variation was 6.7% and the average for the seven tests was 2.26 per cent. 

The yield point the beams both free-ended and fixed-ended tests was 
determined study the torque-twist diagram and some cases 
drop the beam. the free-ended tests the distribution shearing stress 
across the flange was studied measuring, with tensometers, the principal 
stress angle 45° around the center section. 

The fixed-ended tests provided means studying the additional rigidity 
and strength over the free-ended tests, due fixing the ends the beams. 
Twenty-two various lengths and sizes beams were tested ranging from 
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heaviest beam had K-factor fifty-seven times greater than the least, and with 
ends fixed the most rigid fixed-end beam had rigidity three hundred and ten 
times great the least rigid with ends fixed. 

The distribution longitudinal direct stresses the extreme fibers the 
flanges was studied strain measurements taken along the outer edges 
the flanges tensometers. The total shearing stress distribution the 
center section was studied measurement principal strains angle 
degrees. 

The fixed-ended tests furnished information the proper design 
welded end connections for high torsional rigidity. 

The tensometers both the free-ended and fixed-ended tests were value 
studying the relative distribution stress. Some the results are 
erratic. The warping the section during twist made difficult obtain 
steady set-up for the tensometers, but most cases the test results checked 
fairly well with the formulas. spite variations result and incomplete 
end fixity noted that every beam tested would have been amply strong 
designed basis working longitudinal stresses the ends. 

The present investigation has covered, accurately, the question torsional 
rigidity and the evaluation the torsion constant. The formulas for 
stresses which are proposed are not exact but will satisfactory for practical 
design purposes. 
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APPENDIX 


The following symbols, adopted for use this paper, are presented 
guide discussers: 


torsional factor fixed-ended beams. 

length rectangular section. 

depth; total depth beam. 

eccentricity. 

subscript denoting “flange.” 

distance between flange centroids. 

(d—h). 

major flange thickness. 

breadth rectangular section; also, where defined, minor 
flange thickness. 

pressure per unit area. 

radius fillet (authors’ duplicate); also, where defined, 

distance between stiffening plates. 

thickness; subscript, denotes “due bending.” 

substitution factor Equation (37); subscript, 
denotes “free ended.” 

web thickness; subscript, denotes “web.” 

deflection. 

area; cross-section area; also, where specifically defined, 
script, denotes “average.” 

substitution factor Equation (23) (see, also, Symbol A). 

constant; torsion constant equivalent for 
ended beam; the center; average value 
(see, also, Symbol A). 

diameter; diameter inscribed circle (see, also, Symbol A). 

elasticity; modulus elasticity tension and compression. 

torsion stress function. 

shearing modulus elasticity. 

rectangular moment inertia; and for cross- 

section with respect the X-axis and the respectively. 

polar moment inertia. 

torsion constant; and values for flange and 
web, respectively. 

length; subscript, denotes “large end.” 

bending moment. 

total shear over cross-section. 


denotes “small end.” 


torque; torsional moment; torque required twist 
beam free-ended condition. 
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factor depending the -ratio, but practically constant 


for greater than and value for large end 


and small end, respectively, the flange. 


factor that depends two ratios, 

unit elongation. 

angle twist, radians per unit length; the 

Poisson’s ratio. 

radius curvature. 

unit stress; normal stress; longitudinal fiber stress 
flange due bending. 

unit shearing stress; for flange sections; for web 
sections. 

total angle change between two cross-sections. 


APPENDIX III 


TABLES 


The tables presented herewith are introduced and adequately discussed 
the text this paper. 


Test size Length, thickness 
No. 


3-in. I-beam 


3-in. I-beam. . 
3-in. I-beam. . 
3-in. I-beam. . 
3-in. 


Flange 


Nom- Length, radius, 


Torsion constant, 
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taken Square Inc cent- cent- 
Test age age 


Beam 


psr Square Inca 


Shearing 
Slotted Round Bar modulus, 
Plates Torsion Tests 

poun 
point mate point ultimate’ 
(8) (9) (10) (11) (12) 


(1) (2) (3) (4) (5) (6) 


Yield the Yield Point 
(1) (2) (3) (4) (5) (6) (8) (10) (11) (12) 
|. Saaeee 8 by Sin..... 31 0.463 | 0.451 |—2.6 | 25 610 | 29 800 | 31 400 | 22 600 | 22 200 | 23 900 
|. sae 10 by 12-in 62 2.101 1.960 |—6.7 | 50 900 | 19 100 | 23 400 | 12 600 | 17 900 | 24 050 
Renae 12-in I-beam..| 31.8 | 0.833 | 0.804 |—3.5 | 25 000 | 23 800 | 25 400 | 14 900 | 17 7 23 000 
T-30.......] 12-in. I-beam..| 55 3.318 | 3.380 |+1.9 | 64 000 | 20 700 | 20 200 | 17 100 | 18 500 | 19 000 
,., SPRae 12 by 12-in. . .|190 48.440 | 48.870 |+0.9 |480 000 | 19 300 | 21 400 | 12 400 | 12 600 | 20 750 
|, eee 12 by 12-in...| 65 2.227 | 2.222 |—0.2 | 76 400 | 26 600 | 29 300 ...... | ...... | ...... 
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5 os 2 is ues 
a5 & pute 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
i FE 3-in. I-beam 7.5 3.2 0.57 | 0.0865 5.67) 0.282 0.7998) 0.943) 0.787 
See 3-in. I-beam 7.5 6.0 0.57 | 0.0865 5.67) 0.529 0.4558} 0.605) 0.474 
3-in. I-beam 7.5 9.0 0.57 | 0.0865 5.67} 0.794 0.2823} 0.394) 0.330 
3-in. I-beam 7.5 | 12.1 0.57 | 0.0365 5.67) 1.067 0.1996} 0.284) 0.258 
3-in. I-beam..| 7.5 | 18.1 0.57 | 0.0865 5.67] 1.596 0.1341) 0.190) 0.174 
3-in. I-beam..| 7.5 | 23.9 0.57 | 0.0865 5.67] 2.108 0.1102} 0.154) 0.153 
i eee 3-in. I-beam..| 7.5 | 39.0 0.57 | 0.0865 5.67) 3.439 0.0913} 0.120) 0.116 
oS ar 3-in. I-beam..| 7.5 | 53.9 0.57 | 0.0865 5.67) 4.753 0.0875} 0.109) 0.111 
io! Se 3-in. I-beam..| 7.5 5.5 0.57 | 0.0865 5.67) 0.485 0.5004) 0.654) 0.534 
yo} re 3-in. I-beam 7.5 8.8 0.57 | 0.0865 5.67| 0.776 0.2904] 0.404) 0.377 
T-18.), si... 6 by 6-in..... 2 72.0 13.1 0.2433 | 33.7 | 1.068 0.6186} 0.905) 0.777 
yo | 6 by 6-in..... 20 36.0*| 13.8 0.2810 | 32.4 | 0.556 1,896 2.761) 1.106 
PY 6 by 6-in..... 40.5 | 72.0 28.5 1.7375 | 19,7 | 1.872 2.431 3.445) 3.333 
T-18. 6 by 10-in. 40 72.0 72.5 0.8018 | 44.1 | 0.816 2.917 4.264) 3.944 
28s di. 8 by 8-in..... 31 18.0 34.8 0.4631 | 53.5 | 0.168 | 20.927 | 27.55 | 27.90 
aS 8 by 8-in..... 31 36.0 34.8 0.4631 | 53.5 | 0.336 7.496 | 10.75 7.8 
te ES 8 by 8-in..... 31 72.0 34.8 0.4631 | 53.5 | 0.673 2.346 3.45 3.30 
Bess dice 8 by 8-in..... 67 72.0 86.2 4.9122 | 27.4 | 1.314 9.479 | 13.67 | 12.00 
i eee 10 by 12-in...| 62 72.0 | 162.7 2.101 67.0 | 0.537 | 15.104 | 22.03 | 10.02 
T-27... 12-in. I-beam.} 55 18.0 18.9 3.318 21.8 | 0.413 | 32.059 | 44.30 | 34.50 
i re 12-in. I-beam.| 55 36.0 18.9 3.318 21.8 | 0:826 | 11.636 | 16.89 | 11.23 
REE 12-in. I-beam.| 55 72.0 18.9 3.318 21.8 | 1.651 6.1675) 7.39 6.58 
Yield Maximum Shearing Stress the Yield Point 
point Maximum Direct 
Test No. beam, direct the Flange the Web 
poun equation y ten- y ten- 
(1) (12) (13) (14) (15) (16) (17) (18) . (19) 
83.5 he's 
78.3 
83.8 
90.8 
91.6 
99.4 
96.8 
101.8 
84.2 
93.4 
85.8 
40.1 
96.8 
92.5 
101.0 
69.1 
95.7 
87.8 
45.5 
77.9 
66.6 
.0 


* 36 in. = one-half total length on account of additional stiffener in middle. 


Not yield point. 
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DISCUSSION 


Soc. (by Fig. the authors show curves which represent 
different formulas for the concentration torsional shearing stresses fillets. 
The curve which identified the names the writers was derived 
result correspondence with the authors, and for this reason its derivation 
given herein. 

The process approximate analysis closely related those used 
and and but differs the following respects: 


First, consideration the influence the straight edge the cross-section 
opposite the fillet led slightly greater concentraticn factor near the begin- 
ning the fillet, Point Fig. 27, than that obtained Timoshenko’s 
formula; and, second, the writers had before them the detailed data obtained 
Cushman™ tests with soap films. These data show clearly that 
the maximum shearing stress occurs point such Fig. 27, and 
that there notable increase stress from Point Point Special 
consideration was given this increase. 

Let denote the shearing stress that would exist Point Fig. 
the edge the cross-section that point were straightened out moving 
the beginning the fillet toward the left, when, the same time, the thick- 
ness the flange, the torsion factor, and the total twisting moment, 
are left unchanged. The stress, defined the formula: 


Let and denote the actual shearing stresses Points and being 


Theoretical and Applied Mechanics, Univ. Urbana, 
Research Asst., Dept. Civ, Eng., Columbia Univ., New York, 

“Drang und Zwang,” and Féppl, Vol. Second Edition, 1928, 73. 


man, Doctoral Dissertation, Univ. Michigan, 1932. 
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the maximum stress the fillet. Then the concentration factor 
Point and the desired concentration factor for the fillet. 

Prandtl’s soap film analogy, which the authors have used advantageously, 
furnishes the key the solution. noted that the soap film stretched 
over opening shaped like the cross-section and inflated small amount 
excess air pressure one side. The shearing stresses the original 
cross-section follow the contour lines the film, the edge being one the 
contour lines. Furthermore, the shearing stresses are proportional 
the slopes the film, proportional the density the contour lines, 

The contour lines Section 1-2 Fig. must approximately perpen- 
dicular that section. Accordingly, the shearing stresses, that section 
are approximately the direction Since the slope the film 
being constant, the curvature the film Section 1-2 the direction 


tion 1-2 accounted for the curving the contour lines. the radius 
curvature the contour lines particular point then the curvature 


the film the direction the same point becomes The curva- 


ture the surface the sum the curvatures the directions and 


The equilibrium the film requires that this combined curvature 


Since Points and are the same contour line, also required 
that, 


The diagram the shearing stresses Section 1-2 must shaped about 
shown Fig. 28. Equation (60) has been constructed that satisfies 
this general requirement shape well the specific requirements 
Equations (58) and (59), and, therefore, may assumed represent 
the shearing stress approximately: 


2tr 


The constant curvature the film may computed as: 


Ww 
d 
t 
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the fillet were some distance away, this curvature would remain the same, 
would replaced to, and the term containing would disappear. 
Consequently, 


The important indications Equation (63) are preserved when the 
following simpler formula 


was mentioned, the maximum stress, tm, occurs point such 
Fig. 27. Equation (64) can used obtain estimate this stress 
making the following replacements: replaced distance, tm, measured 
corresponding straight edges and thickness, tm: that is, according 


Equation (57), Thus, the concentration factor becomes, 


reasonable estimate is, 


This value, substituted Equation (65), leads directly the formula rep- 
resented graphically the authors, 


I-beams has been studied thoroughly the authors for special cases. 
the purpose this discussion compare the authors’ results with more 
general theory for the twisting I-beams under differing types loading. 
Only the effect twisting considered. The assumptions and the notation 
are the same those used the paper. 

Consider the requirements for equilibrium section the beam 
distance, from the fixed end shown Fig. 29. The inner moments 


Math. and Theoretical Mechanics, Lehigh Univ., Bethlehem, Pa. 


To = T1 1—— ) 
which gives the concentration factor Point 
To 1 t 
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Fic. 29. 


this section, together with the moment the shears, must balance the outer 
moment applied the beam the right the section. This outer twist- 
ing moment, will vary general with the position the section; that 
is, with For equilibrium this section one must have: 


which and indicate twisting moments flanges, web, and 
total section, respectively. 

terms the co-ordinates points the neutral axis, the 
following approximate relation may written: 


and the twist per unit length hence: 


9K 
From the relation between shear and bending moment: 


Equations (70) and (71) and the value Equation (68) 
ean written: 


2 


which, 


. 
1 
2KG 
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The differential Equation (72), has the solution: 


which the particular solution satisfying Equafion (72) and the 
and are determined the boundary conditions for 
the beam. Equation (73) the same the authors’ Equation (34) for the 
considered. The value is: 


For the usual types loading, can written the form: 
which, Xo, Xn, are constants. When Equation (75) holds 


integration parts shows that Equation (74) may written 
the form: 


odd, the last term With the value thus determined one may, 
Equation (73) and the relation, write: 


The longitudinal stresses along the outer the flange will given 


I, 


and the lateral shearing stresses the flanges by: 


4 
4 
4 
= 
» 
| 
| 
; 
| 
t 
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The angle through which the beam twists comes from the relation, 


and has the value: 


this manner, general values are derived for the principal variables 
interest the case twisted beams. The maximum values these quanti- 
ties will occur for differing values depending upon the conditions sur- 
rounding the strained beam. (a) demonstrates that Equations 
(73) (81) reduce those given the authors when the proper limitations 
are applied. 

Example Twisted Constant Torque, Applied Its 
Ends, with Both Ends this case, constant, and, 


2 


2KG 


tion (76) yields and, Equation 


which the same that presented the authors Equation (35). The 


maximum displacement, ym, occurs where and has the value given 
the authors’ Equation (36). 


Similarly, Equation (77) reduces the authors’ Equation (37) for the 


value: 


Equation (78) reduces Equation (38) and Equation (79) becomes Equa- 
tion (39). 


use Equation (80): 


J 
2 
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and, 

which corresponds the authors’ Equation (42), and Equation (81): 


Tmax 


from which, 


(b).—Beam with One End the Other Free, Under Con- 
stant Torque, T.—In this case, Example (a). The 
and for The value the deflection obtained is: 


From this all the other principal variables are readily found 
Example (a). 


with Both Ends Fixed and Uniform Eccentric 
Load Along Its Length Producing External Moment, this case, 


2KG 


The values and are determined the requirements that for 


found is: 


with One End Fixed and the Other Free, Uniform 


2KG 


4 
4 
4 
4 
q 
d 
ay 
4 
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The constants, and are determined the requirements that 
2 


proves be: 


2al 


thus shown that the formulas developed and substantiated test 
results the authors’ investigation, are identical with those obtained 
general mathematical treatment the subject torsional resistance. 


engineers seem displaying increasing interest the effects 
torsional resistance stresses structural members. This curiosity does 
not restrict itself solely the member torsion, but also embraces study 
the resulting effects bending moments connecting members. The 
paper timely contribution the subject. Although the problem more 
apparent the monolithic reinforced concrete building frame, occurs also 
steel structures where some connections insure full continuity and prac- 
tically all types connections develop least modicum restraint. 

most structural units torsion may prove quite unimportant. 
One not justified dismissing it, however, simply because considers 
unimportant. Every one prone this times with knotty problems, 
because the easiest course. better “agnostic” rather than 
“atheist” such matters, however, until basis scientific research, both 
analytical and physical, justifies conclusions. the matter torsion, that 
basis will provided papers such this one and additional researches 
involving other structural cross-sections and their relation the structure 
whole. 

The writer has suggested that torsion may fall into the category knotty 
problems. complex, both its broad aspects and its details. 
thorough consideration torsion the field structures takes the problem 
analysis away from planar confines and puts the space realm. This 
will discourage many from further consideration the because, 
rule, structural engineers prefer “two-dimensional analysts,” despite the 
fact that they live space world. 

The details the problem, likewise, are not simple solution. One 
needs only look the disagreement apparent Fig. confirm this state- 


Assoc. Structural Eng. and Mechanics, Coll. Eng., Univ. Iowa, 
Iowa City, Iowa. 
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ment. Various difficulties are involved the study torsion stresses 
single twisted unit, quite apart from those which come light when one 
considers related effects connecting members. 

the authors note, only few simple cross-sections, such the circle, 
ellipse, rectangle, square, equilateral triangle, and certain hollow sections, are 
susceptible pure mathematical analysis. The membrane analogy, soap 
bubble, called upon serve aid the solution other sections, such 
the familiar rolled steel shapes used structural practice. difficult, 
however, get accurate measurements the slopes the soap bubble the 
boundaries because the curving “meniscus” effect the film. Since 
the slope the film the boundary measure the unit shear stress 
corresponding points, the modification curvature makes accurate inter- 
pretation somewhat difficult. The materials testing laboratory another aid 
for the determination the torsion constant twisting actual specimens; 
but “look inside” the beam find out what happens, and 
points the exterior fillets, hard measure strains. 

This paper emphasizes the co-operation possible between mathematical 
analysis, mathematical aids such the membrane analogy, and the physical 
testing laboratory. The preceding comments the writer indicate briefly 
that this co-operation necessary securing answer torsion problems. 
The authors are congratulated for using all the available tools their 
command. 

unfortunate, however, that they did not present their soap film tests 
more detail. would interesting know precisely how they deter- 
mined the volume under the film and the coefficients, Fig. Was any 
attempt made obtain independent curve for stress concentration 
fillets similar those Fig. (which exhibit considerable lack agree- 


ment both values and trends)? the ratio, 0.40, the percentage 


increase stress fillets ranges from about 140. the ratio, 


1.00, the range from per cent. For ratios 

Westergaard’s and Mindlin’s curve and Taylor’s soap film portrayed 
Fig. show increasing values stress concentration. All other curves 
continue the downward trend. other words, they conform the thesis 
that increase the radius the fillet always reduces the stress concentra- 
tion. Cushman’s soap film were not carried far enough give values 


the range, although the general trend downward. 


Incidentally, the following question may raised this point: “Are the 
ordinates Fig. ‘Percentage Increase Stress Fillets,’ they 
aciually give ‘Percentage Increase Stress Concentration This 


Technical Repts., Advisory Committee for No. June. 1917 (Rept. 
covers experimental work with soap films Messrs, Griffith and Taylor). 
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question pertinent, because, the fillet size increases, the torsion constant 
also increases; hence, for given twisting moment, the stress the fillet 


noted that Equation (67) expressed terms this ratio. who 

derives equation from consideration Stokes’ theorem, expresses results 

the authors plotted contours determine the volume under film 
for different fillet radii, the following procedure would give approximate 
check the curves Fig. with little additional labor. Even contours 
were not plotted, the determination slope one point the fillet near 
the edge, but far enough away eliminate edge influence, should not take 
much additional time, considering the extent the laboratory testing that 
was done. 

Fig. 30(a), Section bisects the fillet, and Fig. 30(b) shows 
profile the section. The differential equation curvature terms the 


urface of Film 
Slope at r, +d, 


SECTION 


Fic. 30. 


stress function for torsion given the authors Equation (1). This 
equation, course, follows directly from the differential equation 
equilibrium forces expressed terms displacement rather than stress. 
Moreover, the same the one for curvature the soap bubble surface, 


except that the constant, replaced the constant, which 


the unit pressure normal the surface the film, and the constant 
tension the film. 
polar co-ordinates, Equation (1) becomes, 


| 
(a) 
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For surface revolution, and Equation (91) takes the simpler 


form, 


The solution this differential equation is, 


The equation for the slope, which measures the unit shear is, 


the fillet rolled section, part the soap film approximately 
surface revolution with its axis passing through the center the fillet; 
contours over this part will parallel the edge the fillet, Fig. 
30(a). Radius Equation (94) is, therefore, the radius relative the 
center the fillet. The value the constant, has already been noted. 
only remains for Constant evaluated. one approximate solu- 
tion proposed, found assuming that the slope zero distance, 


from the edge the and that the surface one revolution 


for least this same distance from the edge. The assumption zero 
slope the distance noted open question. 

slope elevation, the surface, point small definite distance 
from the edge, the authors could have obtained finite value for the 


slope, finite distance from the center the fillet. substituting 


this Equation (94), the constant, can then evaluated more closely. 

The writer realizes that this involves fairly precise measurement. One 
might also raise the question, “Why not measure the slope right the edge 
and get the shear stress the critical point directly”? one can eliminate 
edge influence curvature, this would the logical solution. The writer 
suggests the preceding steps, however, get away from edge influence and 
obtain more accurate determination the constant, ventures 
predict that the resulting curve for the stress concentration factor will ex- 


hibit rising trend for values 


value study the results the experiments discussed this paper, the 


pt. Theoretical and Applied Mechanics, Coll. Eng., Unir. Illinois. 


Prof. 
Urbana, Theoretical and Applied Mechanics, Coll. Eng., Univ. 
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torsional properties H-beams and I-beams, connection with the results 
somewhat similar, but less exhaustive, tests several rolled steel channels 
conducted the writers 1930. 

For bar shaft having circular cross-section, the relation between 
the twisting moment, and the angle twist per unit length, given 
Equation (4), Similarly, the authors point out that for 
members having non-circular cross-sections, Equation (4) becomes 
(see Equation (5)), which the torsion constant for the given section. 
For narrow rectangle Saint Venant gave the approximate value 
(see Equation (6)) which the short dimension and the 
long dimension the rectangle. Likewise, for section made narrow 
rectangles, such ship channel, the approximate value for the entire 
section b); but for (trapezodial) section with sloping sides, 
such the flanges most rolled steel channels, the value expressed 
Equations (9) and (10) the paper. 

For channel section, then, the expression for would be, 


which the symbols are identified reference Fig. 31. noted the 
authors, the value proportional the volume under soap film that 
stretched across opening the same shape 

that the cross-section, the soap film be- 

ing inflated slightly difference pressure 

the two sides the film. Equation (95) 

the factor corresponding the “hump” “hill” 

that occurs the soap film the junctions 

the flanges and web omitted. The “end 

loss” corresponding the “sloping down” 

the soap film meet the edges the short 

dimensions the rectangular 

sections, also omitted. their studies, the 

writers concluded that corrections for these two 

effects could omitted view the devia- 

tion the actual dimensions rolled sections 

from the tabular handbook 

more, these effects channel section are 

H-section. 

Comparison Test and Calculated Values 
channels ranging depth from 
determine the torsional constant, from 
Equation (4), namely, 


(96) 
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The value was taken 12000000 per in.; was measured 
length, was measured means level bar flat bars attached 
the top flange the channel, shown Fig. 32. 


TABLE Resutts ror Pure Torsion 
CHANNEL 


Torsion Constant, K Suearine Stresses In WEB AND FLANGE 
Approxi- 
annel es ompu om pute meximum 
(Eguation | (Equation of Be Eovstion (Equation | in flange 
(96)) (95)) (98)) 
(2) (3) (4) (5) (6) (7) 
6-In., 15..3-Lb:* 
6-In., 15.5-Lb: 
10-In., 15.3-Lb: 
15-In., 33 .9-Lb: 
* Ship chanvel. t Heavy channel. 


The relations between and for several lengths along 10-in., 15.3-lb 
channel are shown Fig. 33(a). The values found from the curves 


Fic. CHANNEL TESTING MACHINE. 


— 


at 
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similar those shown Fig. 33(a), together with the values computed 
from Equation (95), are given Table Column (3) for each the four 
channels tested. will observed that the values computed from Equa- 
tion (95) are not close agreement with the values obtained from test results 


a oa ~ 


Twisting Moment, In Thousands of 


0 
0 O1 
Angle of Twist, 8, in Radians 


SUBJECTED PuRE TORSION, 

(Column (2), Table 5), but they indicate that Equation (95) may used 
satisfactorily for approximate results. The computed values Column (3) 
that deviate most from the test values apply the 10-in. and the 15-in. 
channels, which have the sections with relatively thin webs and relatively 
tapering flanges. computing the values the tabular 
handbook values the dimensions the channel sections were used. All 
the channels tested checked closely the tabular values the average weights 
per foot length, but some the linear dimensions deviated considerably 
from the tabular dimensions. 

Comparison Test and Calculated Values Shearing 
approximate values the elastic shearing stresses the center each flange 
and the center the web each channel several sections were obtained 
measuring the elastic strains the channels caused twisting moments 
the ends. The locations the gauge lines are shown Fig. and Fig. 
The stresses were determined measuring the unit strains, 45° 
gauge lines means 2-in. strain-gauge. From these strain readings the ten- 
sile and compressive unit stresses the directions the gauge lines can 


compressive modulus elasticity and Poisson’s ratio (which 
assumed 0.25 for steel). Since the tensile and compressive stresses 
any point the directions the 45° gauge lines are equal the shearing 
stresses the vertical and horizontal planes the same point, 


found from the expression, 


Twietine in Thoaueands of in-ib 


—— 
gi 
/ 
PR 
32 
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The relations between the twisting torsional moment, and the values 
gauge lines are shown Fig. 34. Similar curves were found for all the gauge 
lines all the channels tested. The average the values and the 


Values of E¢,in ib per sq in. 
34. 


~ 


~ 


Twisting Moment, 7, in Thousands of in-ib 


corresponding values and the web and flanges each the four 
channels tested, are shown Table together with the calculated values 
the shearing stresses from the equation, 

which the thickness the section the location the gauge line 
(see Fig. 31). will observed that Equation (98) consistent with the 
soap film analogy. The larger becomes, the more will the soap film puff up; 
the greater will the slope the film; and, therefore, the greater the shear- 
ing stress. Equation (98) yields only approximate values, but leads useful 
and reliable results may seen from Table which shown that 
the and test results are reasonably satisfactory agreement (com- 
pare Column (5) and Column (6)). should noted that since the strain- 
gauge used had 2-in. gauge length, the stresses obtained from the measured 
strains are the average the region the point considered rather than the 
stress the given point. 

The computed values Column (6), Table that deviate most from the 
test values apply the 6-in. 15.5-lb, and the 15.3-lb channels. For 
these sections the 2-in. gauge line included too much the relatively short 
flange width for satisfactory stress determinations the point considered. 

The maximum value the flange (not considering the stress the 
fillet) would (on the basis the soap film analogy) the point where 
the largest inscribed circle tangent the face the flange, since the soap 
film would have the greatest slope this point; the maximum shearing stress 
would occur, therefore, about the point, Fig. 31. The approximate value 
the maximum shearing unit stress the outside face the flange, should, 
then, given the equation, 


| 
j 
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The values found from Equation (99) are given also Table 
Column (7). 

The results these tests rolled steel channels pure torsion are 
substantial agreement with the results the similar but more exhaustive tests 
I-beams and H-beams presented the paper under discussion, showing 
that reasonably reliable values the angles twist the members and 
the shearing stresses the web and the flanges may calculated 
relatively simple formula based the soap film analogy. 


Werner,” Assoc. Am. Soc. (by letter).—Torsion 
structural beams has been studied, theoretically and experimentally, 
several investigators, the most important whom have been cited the 
authors. The names Weber,” and Engelmann” 
should added for completeness. Weber” has treated the double-flanged type 
section general, and obtains the H-beam and I-beam sections special 
case the general solution. this connection also explains the apparent 
relative weakness channels bending when compared with beams 
symmetrical cross-section with the same moment resistance. 

Perhaps the most important result the reported investigation the 
method evaluating the torsion constant, which defined theoretically and 
substantiated the tests. view the extensive tests presented the 
paper, would interest know whether some data are also available 
regarding the influence rivet holes upon the torsional rigidity and stresses 
structural beams. far the writer aware, this question has hitherto 
been neglected entirely problems dealing with torsion. From the hydro- 
dynamical analogy the torsion theory,” however, known that small 
hole, cavity, near the edge twisted circular shaft will cause con- 
siderable increase the shearing stresses around the hole. may 
expected that similar stress concentration will occur also around rivet holes 
structural beams, although the holes may not materially influence the 
yielding the beam whole. 

With reference the theoretical analysis, the paper deals exclusively 
with the case beam twisted constant torque, 7’, applied its ends. 
interest note, that the results thus obtained may also derived 
special case more general problem—a beam twisted concen- 
trated torque, applied arbitrary point the span. This general 
case considerable importance for practical design purposes. 


Engr., Vattenbyggnadsbyran, Stockholm, Sweden. 


by C. Weber, Zeitschrift fiir angew. Math. Mech., Vol. 6, 1926, p. 85. “ " 


“Ueber die Torsion von Walzeisen-Profilen,” Zeit 
Math. Mech., 1930, p. 251. — 


Experimentelle und theoretische Untersuchungen zur keit 
H. Engelmann, Zeitschrift fiir angew. Math. Mech., 1929, p. een os 
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Referring Fig. 35, the general expression for the twisting moment is, 


which also the differential equation for the deflection the flanges. 
should observed, however, that Equation (100), like the author’s Equa- 
tion (33), strictly applicable only when the deflection due bending 


implies ratios or, that the flange width may 


considered small relation the span. From the general theory 
beams flexure may concluded that the ratio should 0.25 
order keep the error the calculated stresses within about per cent. 


| — 4 
35.—DIAGRAMMATICAL REPRESENTATION TWISTED I-BEAM. 
and denote the constant torque the left and right-hand side 
9K 3, ¢ 
and, 
9 


The solution Equations (101) is, 


a 


and, 
differentiating Equations (102) and substituting Equations (101): 


4 
| 
‘ 
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and, 


From the equilibrium condition, Ts: 


The integration constants may derived for two typical 
shown subsequently Cases (a) and (b). 


Case Ends this case the boundary conditions are, 


dz, dz, dz’, dz’, 


According these requirements and Equation (104), the coefficients, 


2KG sinh cosh sinh cosh 
sinh 
a a a 
2KG 
and, 
cosh 
and, 


‘ 
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Then the deflection function for this case may written, 


sinh 


Equation (107) also represents the special case beam with one end fixed, 
the other free, and twisted constant torque applied its ends—which case 
has been treated Professor Reynolds,™ although his solution given 
somewhat different form. The very simple expression obtained Equa- 
tion (107) due the suitable choice the origin co-ordinates. 

Case Ends this case the boundary conditions are, 


dz, dz, dz’, dz, 


These requirements, together with Equation (104) give the following 


2 


903. 


= 
‘ 
4 
4 
4 
4 
4 
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and, 


2KG 


2 2 


a a a a a 


and, 


and the deflection function for this case may written, 


Equation (110) also represents the special case treated the authors, 
namely, beam twisted constant torque, applied its ends, with both 
ends restrained. 

the “General Remarks” under “Design the authors state 
that “the local direct stresses are the nature secondary 
stresses” and suggest that “allowable fiber stresses usual secondary stress 
design applied general these stresses.” Referring, for instance, 
Loading Cases (a) and (b) this which represent typical torsion 
problems practical design, the writer would not feel inclined accept 
specification that the direct fiber stresses obtained the flanges should gen- 
erally classed secondary stresses. matter fact, the twisting 
the beam may conceived pure bending the two flanges, which are 
supported elastic medium, the reacting forces which are reflected 
the torsional rigidity the twisted elements the beam. 

Consider, now, beam which simply supported both ends and sub- 
jected twisting moment, applied the center. The deflection 
tion for this case, according Equation (107), may written, 


sinh 


ahT 
2KG 
7 . a 
cosh 
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The bending moment each flange is, 


sinh 

2 
a dz 2h cosh L 
and thus the maximum moment (at the center the beam), is, 


If, momentarily, the beam assumed have torsional rigidity (that 
is, the are required take the entire superimposed torsional load) 
the corresponding maximum bending moment each flange would be, 


The ratio between the two moments is, 
a 
0.2 


Length 


Fic. 36.—GRAPHICAL REPRESENTATION OF EQUATION (115) 


indicated, the writer’s derivations are applicable only for 0.25, and 
the inaccuracy increases increases. (115), however, gives 
how the problem may approached for 0.25. Consider, for 
example, beam with the same dimensions the authors’ “Design Example 

33.2 in. and 0.615. According Fig. this corresponds 0.9, 
varies 1.11 This means that for 0.25 one may compute— 
least for the beam under (the inaccuracy 
maximum 11% the safe side) the stresses the flanges under the assump- 
tion that each flange acts beam, rather narrow plate, the depth 


“J 


— 
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which cannot considered small relation the span width and which 


Jun. Am. Soc. (by Fig. the authors 
demonstrate the fact that there has been considerable diversity opinion 
regarding the problem stress concentration the fillets twisted bars. 
Several analytical and experimental solutions giving widely varying results 
have been proffered. Consequently, the effect size and shape 
members torsional behavior was investigated attempt help the 
final solution this problem. More than eighty experimental solutions 
involving various structural shapes were found. The membrane analogy 
provided fairly rapid method for determining the increase shearing 
stress fillets means soap films. Torsion constants were also obtained 
for most the sections analyzed. 

The following variables were studied: The radius fillets, length and 
thickness the components the member, and the shape the member, 
angle, I-section. each series, the fillet varied from about in. 
Eight series angles having 1-in. thicknesses and 6-in. lengths; 
and three series I-beams with wide flanges, corresponding three 
the angle series, were analyzed determine the change the hump the 
junctures. angle formed by. taking half the I-section (that is, 
tion), and clipping one wing the flange with the web intact will said 
correspond that particular I-section. For the sake clarity men- 
tioned that angle having long sides in. and in., and constant 
thickness in., corresponds wide-flanged I-section having depth 
in., flange width in., and flange and web thicknesses in. Tor- 
sion constants were evaluated for all the I-sections and for six the angle 
series. 

The radius the circular hole that used for comparison soap-film 
analysis must approximately equal twice the area divided the peri- 
meter the test hole. factors allowed for slight devia- 
tion from this precaution. The errors due the assumption that the sine 
equals the tangent and that the pressure acts vertically instead normal 
the surface the film are largely eliminated, and pressure correction 
achieved resorting the volume-correction curve which was procured 
testing several sections known torsional properties against each other, two 
time. The initial height water the flask, essential part the 
volume-displacement apparatus, was kept, all times, approximately equal 
that prevailing the preliminary volume-correction tests. 

contour work, the height the circular film was checked after every 
five six points insure that conditions remained constant. Elevations 
were correct within 0.001 in. was found that boundary angle ranging 
between 15° and 25° was advisable for the circular film order obtain 


Lawrence Calvin Brink Research Fellow Civ. Eng., Lehigh Univ.. Bethlehem, Pa. 
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precision the stress concentration tests. For satisfactory volume 
measurements the boundary angle for the test film should not exceed 
degrees. The minimum radius the circular section this investigation 
was in., value which, according should considered the 
minimum allowable for reliable results. the case symmetrical shape, 
such the I-beam, only one-half the section was studied. vertical septum 
passing through the axis symmetry provided the essential continuity. 
was necessary double the torsion constant the reduced shape order 
obtain the desired constant. 

After few complete diagrams were made, was thought best 
diminish the work required for section adopting the so-called cross- 
section method wherein points spaced from 0.03 0.1 in. apart along 
normal the boundary were located and their elevations recorded. Especial 
care and smaller spacings were taken immediately near the edge, since the 
crux the slope determination lies there. Tangents enlarged drawings 
the films the boundaries gave direct measure the border shearing 
stresses. Cross-sections were taken the case angles the 
the fillet and the center the inner straight portion the flanges. For 
I-sections additional slope data were recorded for the web. The shearing 
stress the fillet could thus compared with that the arms angles 
and with the shear the flange and web I-sections. 

The effect size and shape members stress concentration may 
observed from Fig. 37, which gives the results few series. apparent 


Legend 
—— Timoshenko Formula 
O——=© Taylor Soap-Film Tests 
x———« Present Soap-Fi 


I-Sections 
1 


Percentage Increase of Stress in the Fillet 


Tr 
Ratio 7 
Fic. 37.—COMPARISONS OF STRESS CONCENTRATION. 


from Fig. 37(a) that the stress concentrations I-sections are considerably 
greater than for their corresponding angles. angle, in. 
one having long sides, in. and in., with the thickness both legs 
flange width in., with web and flange thicknesses in. That the 
stress varies directly with the thickness may concluded from the fact that 


*“The Mechanical Properties Fluids: Collective Work,” 1924, 236. 
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the fillet-stress concentration factors are inversely related the thick- 
ness. The lowest points the curves are peculiar two 
increases, the ratio fillet thick- 
ness for the minimum concentration 
decreases linearly according Fig, 
38, which also shows fairly straight- 
the minimum concentration factor. 


shenko’s analytical solution and 

Thickness Straight Portion Inches Fig. 37(b). For small fillets, includ- 
Fic. 38. ing the usual radii, Timoshenko’s 
formula proved superior all others for angles. obtained his 
approximate theoretical solution” from the membrane analogy assuming 


that the shearing stress the fillet becomes zero point, from the 


boundary, which the thickness flange. Soap-film tests showed that 
this assumption true for small radii the fillet, For larger fillet sizes 
there fair agreement between the tests Taylor and those the present 
investigation. For I-sections the results follow approximately the general 
curve given Westergaard and Mindlin, Fig. 

Torsion constants are found Figs. and 40, from which evident 
that the thickness angle has considerable effect the rigidity, whereas 


= 
Cc 

1.50 0.25 0.50 0.75 1.00 1.25 1.50 

Fillet Radius, r, in Inches 
Fic. CONSTANTS FOR CONSTANTS FOR 
ANGLES I-SECTIONS. 


the effect length arm comparatively small. Experimental results 
were checked analytically and fair precision was noted. 

The following are the principal deductions drawn from these tests: 
(1) The inherent relations the membrane analogy have proved especially 
useful determining the stress concentration factors the fillets 


Torsion Constants (in4) 
uo 
wow 
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twisted rod; (2) Timoshenko’s formula for stress concentration proved suit- 
able for the usual fillet radii the case angles, whereas that proposed 
Westergaard and Mindlin (see Fig. gave results having similar tendencies 
manifested the present tests I-sections; (3) observations the soap 
films the case I-sections confirmed the fact mentioned the authors 
that the critical shearing stresses prevail the fillets and the center 
the outer side the flange; (4) there linear relation between the mini- 
mum percentage increase stress the fillets angles and the thickness 


the straight portion (the ratio fillet size flange thickness, for 
minimum concentration factor also shifts linearly with variation thick- 
ness); (5) the shearing stress, general, increases linearly with the thickness 
(in I-sections, however, the stress the web slightly greater than the 
flange for the same web and flange thickness. The stress falls off rapidly 
the fillet, the rate being greater for small radii); and, (6) for ductile 
materials not subjected alternating stress, the use small fillets does not 
involve danger because the redistribution stress that follows local yield- 
ing. the case brittle materials, however, the weakening effect the 
stress concentration should mitigated the use greater fillet radii. 


Soc. (by this paper procedure outlined 
for estimating torsional rigidity tubular sections, when the writers recently 
had deal with such section, effort was made apply the 
methods this paper. Interest was attached tube square section, 
and some tests were made section about in. the side with walls 
in. thick. The polar moment inertia is, 


being the sectional area and the side the square. 


The authors’ Equation (6) applies solid section, but removing 
small square from the interior large one, the value, 


found. Such procedure could justified only the walls were thick 
enough act the interior square was not removed. This did not 
seem severe assumption, the tube contained heavy transverse diaphragms 


spaced about Nevertheless, when such tube was made and experi- 
mental value was found measuring torsional deflection under known 


load, proved only about one-fourth the value Equa- 
tions (116) and (117). 


Comdr. (C.C.), Navy; Office Superintending Constructor, New York 


Shipbuilding Co., Camden, 
Hull Draftsman, New York Shipbuilding Co., Camden, 
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The next step was make another tube using more care. Both tubes 
were welded up, but the second case the welding was continuous and more 
uniform. However, when allowance was made the calculations for the 
area the fillets, the result was almost the same first, that 
the effective value was only about one-third one-fourth the calculated 
value. 

One objective this work was obtain verification formula for 
torsion tube toroidal form. the toroid was constrained lie 
plane, the angular deflection was found calculation be, 
applied radial plane, being the ring radius and the shearing 
modulus. 

Equation (118) was rather closely verified test, provided the experi- 
mental value from the straight tube was used. This afforded some 
additional evidence for the correctness the value being about one- 
fourth the calculated value. 

noted that square tube shown Fig. 8(f), but not clear 
how the data given can applied the writers’ problem, appears that 
tubes equal sectional area would differ torsional rigidity according 
the wall thickness and the corresponding size the square chosen. Compari- 
son between cases, Fig. 8(f) and Fig. 8(h), suggests that the closed section 
has much greater rigidity, but this case also the basis the comparison 
uncertain. 

Application the methods described under “Torsion Constant for 
H-beams and I-beams,” the closed section very naturally leads value 
that too low margin greater than that which Equation (6) too 
high. evident that the square tubular section has rigidity intermediate 
the values calculated these two quite different procedures. 

compared with the open section, two powerful influences work give 
the tube increased rigidity. The first that closing the section, shown 
comparing Cases (b) and (c), Fig. The benefit obtained the short 
longitudinal plates the ends, Fig. 15, may only partly the 
improved end constraint; part the benefit may consist the partial 
closure the section. The question arises whether additional benefit might 
not easily obtainable introducing additional shear connections between 
toes flanges sections other than the ends. 

The other influence that the diaphragms. Their function like that 
the fillets, but they are naturally much more effective than fillets. This 
suggests that the tripping brackets now commonly fitted certain I-sections 
may considerable benefit for torsional rigidity. 

For specific comparisons, the numerical data, referring the sections 
tested, are given Table 

general agreement with the developments this paper, under the head- 
ing “Fixed-Ended Torsion,” the writers have had some success devising 
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set artificial assumptions that will give value for tubular section 
fair agreement with observations. This only hindsight, however, and 
the writers feel rather certain that such precarious assumptions those 
which have thus been found work (that is, flat sides are beams which 
remain flat under load) would not very highly regarded the effective 


TABLE Data. 


Description First bar Second bar Ring 
area, 0.58 0.61 0.703 
Equivalent side Square 1.06 1.08 
Polar moment inertia, 0.218 0.237 0.307 
Equation (6), 0.184 0.199 0.30 (?) 
Equation (16), 0.009 0.015 0.015— 


Ignoring webs. 


value were not known from test data. Possibly, solution some merit 
might found this way, but would require further verification 

test and, therefore, would become rational solution, but only somewhat 
rational expression empirical data. 

the light these considerations the decision was made use Equation 
(6) and for tubular section subtracting the value for the 
inner profile from that for the outer profile; but apply factor from 
account for the deficiency the effective value compared with 
the value thus calculated. 

The models referred were made the New York Shipbuilding Corpo- 
ration and tested its laboratory. 


research, for which there was very real need, described this paper. 
obvious application the design spandrel beams and other beams with 
loading. Not only has this research indicated the method analysis 
such case, but already has made available for the designer one practical 
set formulas and for the two most common cases: beam with 
full uniform load applied with constant eccentricity; and beam with 
single eccentric concentrated load the center the span. should only 
short time until the standard and handbooks will treat ade- 
quately the subject torsional loads. 

The dual practical problem designing apparatus capable twisting the 
larger steel sections and, the same time, preserving free end connection 
has been given simple solution. This problem has prevented previous inves- 
tigators from testing any but the smaller and lighter sections, with the result 
that the tests were inconclusive. 

Definitely, the authors have settled the problem determining the tor- 
sion constant for structural I-beams and H-beams. This constant far more 


Philadelphia, Pa. 
Manual Steel Construction, 1934, pp. 279-289. 
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useful than the scant attention has received would indicate. early 
structural use was contained small book the bow which 
describes some torsion tests small English joist beams. About the same 
time the constant appeared aircraft design and the study the elastic 
stability structures. 

The principles elastic stability are increasing importance the use 
high-strength alloy steels increases, and structural layouts become 
simpler. Thus, the modern catenary-supporting bent for railway electrification 
simple H-frame, consisting three rolled shapes lying one plane. 
Designers such structures have been handicapped the uncertainty the 
value the torsion constant. result, the few available tentative tabula- 
tions the torsion were considerably error the safe side, 
that the full economy this method analysis could not realized. 

The measurement fiber stresses the beams under torsion furnishes 
much needed check the theoretical stresses. interesting that for 
the shear stress the web, Equation (26) gives values that are definitely lower 
than those measured. The statement the authors that Equation (26) 
accord with torsional theory probably based the assumption that the web 
acts part infinitely long rectangle undergoing the same degree 
twisting the flanges. Apparently, the proportions the wide-flanged shapes 
relatively thin web tying together heavy flanges) prevents the web from 
playing such simple réle. unfortunate that the web stresses were not 
measured the tests the beams with web and flanges nearly the same 
thickness. Since the governing shear stress will rarely occur the web, 
Equation (27) acceptable, although the introduction the radius the 
fillet does not seem logical—especially since this stress occurs the center 
the side the web. Fig. interesting that shows increase the 
web shear stress the fillet approached (but before there any increase 
the web thickness). This confirmed the slope the soap film, which 
increases approaching the fillet because the steep slope the fillet and 
the “hump” the junction the web and the flanges. 


Ince Am. Soc. E., Bruce Jun. Am. 
(by original analysis Professor Westergaard and Mr. 
Mindlin with regard stress concentration fillets most worthy contri- 
bution this subject, which was subsequently expanded and studied the 
light experimental tests with soap films both I-beams and angle sections 
Mr. Ehasz, and reported his discussion. Mr. Ehasz found that their 
analysis applied well for the stress concentration I-beams. Professor 
Reynolds gave close attention the investigation and aided liberally the 
analytical studies presented the paper. His discussion the more general 
study I-beams subjected torsion worthy addition the typical cases 
considered the writers. Mr. Werner has furnished additional bibliography 


Circular Are Bow Girder,” Gibson and Ritchie, 1914. 


mond, Transactions, Am. Soc. C. . Vol. 94 (1930), Table 1, p. 860. 


Research Associate Prof. Materials, Chg., Fritz Laboratory, Lebigh 
Bethlehem, Pa. 


Instructor Civ. Eng., Columbia Univ., New York 
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the subject torsion and has contributed general formulas similar 
those given Professor Reynolds, for the case beam either fixed free 
the ends and twisted couple any point along the beam. 

The writers still believe that the use higher unit stresses for the direct 
stresses the extreme corners the flanges beams their 
fixed ends justifiable. All the fixed-end tests, originally reported, show 
that the torsional yield point the beam both the theoretical and measured 
stresses the ends the beam were roughly 50% higher than the yield-point 
strength the material direct tension. 

connection with the more practical problems combined bending and 
torsion, with the use ordinary fabrication processes and present assumptions 
building design, the outer ends beams points where they are 
riveted column girder will probably considered unrestrained. Even 
heavily built-up welded end connection would not possible rely 
upon 100% fixity. some section along the beam, however, plane tor- 
sional fixity maintained, but the direct stresses are localized 
the outer edges the flanges. Since each flange acts separate 
rectangular beam section, its reserve strength after plastic action commences 
much greater than the usual case I-beam bending. Another 
factor, which does not lend itself readily mathematical calculation, the 
restraining action walls, brickwork, intermediate floor-beams and the “giving” 
the columns girders into which the beam combined bending and torsion 
framed. 

The questions raised Professor Wessman have been answered detail 
the Mr. Ehasz and later descriptive The record 
experimental data the torsional properties channel section 
furnished Professors Seely and Putnam valuable addition the 
writers’ experiments and Mr. Ehasz’s continuation 
the writers’ soap film experiments shows that this method serves well for the 
study the concentration torsional stress structural sections well 
for the evaluation the torsional rigidity. The remarkable uniformity 
results obtained Mr. Ehasz gives confidence the experimental work 
and indicates how successfully the membrane analogy may applied 
analytical problems. The data given Fig. and Fig. might have been 
presented also more general form with the known accurate formula 
(Equation (6)) for rectangles basis. The additional torsional rigidity 
due the angular shape would then represented definite function 
fillet radius and the thickness the legs the angle. 

The writers are interested the results reported Messrs. Roop and 
Letherbury closed sections. Unfortunately, the writers did not investi- 
gate such sections and, therefore, are unable account for the apparent loss 
torsional rigidity shown their tests. since the same effect 
was noted the case the ring, the torsional properties which may readily 
analyzed precisely and which have been corroborated numerous tests, 


“Torsional Structural Bruce Johnston, Jun. Am. Soc. 
E., Civil Engineering, November, 1935, pp. 
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possible that the welded seam did not provide complete continuity 
material. 

Professor Waidelich has raised questions which should rightly the sub- 
ject further study. conclusion, the writers are very grateful for the 
general interest evidenced the paper all the discussers. particularly 
gratifying record the interest more exact methods analysis 
structural members shown the steel industry. 
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PHOTO-ELASTIC DETERMINATION 
SHRINKAGE STRESSES 


Synopsis 

Stresses due shrinkage concrete masonry dams are and 
importance, but the determination these stresses complex and difficult. 
practice, the large masses concrete used gravity dams are not homo- 
geneous; nor are they isotropic, the structure poured blocks which 
present many planes discontinuity. The indeterminate factors these 
planes discontinuity present such formidable difficulties that accurate 
determination shrinkage stresses impossible. the problem idealized, 
however, assuming homogenous, isotropic, simple gravity dam subject 
uniform shrinkage, becomes possible predict these stresses with some 
assurance. Although this idealized case not truly consistent with actual 
practice, creates philosophical nevertheless, the strained 
condition that should value the judgment the designing engineer. 

One approach the mathematical solution this problem has been made 
ing the applicability the solution this problem, complete diagram- 
matic representation the stress distribution may more interest than 
the mathematical description. The former herein presented. This problem 
was studied the California Institute Technology the photo-elastic 
laboratory the Guggenheim School Aeronautics. The writer wishes 
express his appreciation for the continued interest this problem expressed 
Theodor von Am. Soc. E., who the Director the 
Guggenheim School. 

May, 1935, Proceedings. 


Designer, Bowen, Los Angeles, Calif. Mr. Smits was elected Jun. 


“Stress Distribution with Arbitrary Boundary Forces,” 
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The photo-elastic method particularly adapted this problem deter- 
mining shrinkage stresses only two-dimensional analysis 
complete description the theoretical background the photo-elastic 
method has been given Messrs. Filon and 

The most desirable procedure would stretch the dam, CDE (Fig. 1), 
longitudinally, heat direct loading; then, this elongated condition, 
fasten securely along the base the stress-free, elastic ground, AB. This 
true representation uniform shrinkage theoretical gravity dam 
section. line discontinuity the stress pattern encountered along 
Line AB, which evident from the discontinuity the elongation either 
side that line. The following general conclusions are evident: (a) The 
the dam, free from stress; (b) horizontal compression occurs 
the ground the region near the center the base the dam; and 
(c) tension gradually dissipates the regions from Point Point 
and from Point Point 


Fic. 1. Fic. 2. 


obtain, experimentally, the effect dam shrinkage upon elastic 
foundation, Biot* suggested reversing the operation elongating the base. 
homogeneous model the dam and ground was made one piece, thus 
taking advantage the fact that rock and concrete have approximately the 
same modulus elasticity. The “ground” was then stretched with direct 
tensional load, which produced high tension of, say, per 
Regions and (Fig. 1), which contrary the foregoing description 
the problem. Since this tension had corrected, blanket horizontal 
compression per in. was applied the ground, arbitrarily, after 
the complete stress analysis had been determined. The result was stress 
zero the regions, and (Fig. 1); tension the restricted regions, 


(A working summary of the theory, together with some laboratory technique. is given 
Mr. Coker series five articles published every two months, the General 
Electric Review, beginning with the issue for November, 1920.) 

Bruxelles, LIII B., 1933. 
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and and compression the region, decided discontinuity results 
along the base line, CD. (It obvious that the addition blanket com- 
pression not mathematically exact (1) the principal tension stress 
the ground not exactly parallel the ground surface except infinity, 
and (2) the ground partly restrained against movement perpendicular 
the ground surface that some relatively small stress perpendicular this 
blanket compression should added. this case, however, the error intro- 
duced not considering these two items within the experimental error 
and, therefore, their omission justified.) 

The model was made that the tension could induced the ground 
means pins shown Fig. certain pure axial loading 
the tension strap was made symmetrical about its axis; thus, the symmetry 
the optical pattern was always gauge the degree axial loading. The 
loading frame shown with the model place Fig. load 
per in. was used the strap the model. 


- 32 
(a) THE Y-PLANE 


The lines constant shear and the direction lines principal stress 
were determined the standard photo-elastic method. was desirable 
furthermore find the principal stresses. Three methods were open: 
(a) Graphical integration; (b) electrical analogy; and (c) membrane 
analogy. Graphical integration the standard method obtaining the 
principal stresses, but long and tedious process. record was found 
the electrical analogy having been used this work. The Prandt] mem- 
brane analogy has been used the solution Laplace’s equation found 
problems shafts carrying torque. approximately the same time that 
this problem was solved, Weibel, the University Michigan, was 
using soap membrane find values Dr. has generalized 
this analogy theoretically make applicable the photo-elastic method. 


New 


Desiring practical and relatively short convenient method finding 
the principal stresses, was decided test the applicability the membrane 


*See his paper pres 
December, presented the Annual Meeting the Am. Soc. Mech. Engrs., 
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analogy. rubber membrane was used with success. The analogy based 
the fact that both the sum the principal stresses and the 
ment the membrane obey Laplace’s equation. (This statement true only 
the slope the membrane every point small. (See assumption under 
heading, “The Membrane.”) this experiment the slope the membrane 
was excessive only the restricted regions the fillets the toe and heel 
the dam. these two regions that the largest experimental errors 
occurred.) 

The any given point let and the principal 
and the stresses acting parallel the respective axes, and the 
unknown Airy stress function. Then, 


any given point, however, the sum the stresses right angles 
each other, having any direction, equal the sum the principal stresses 
that point. Therefore, 


(3) 


follows that, 


which demonstrates that the sum the principal stresses satisfies 
equation. 

The Membrane.—Let the tension the membrane constant, 
induced uniform stretch. Fig. shows any element the membrane 
which equilibrium, although deformed. (Forces Fs, and are 
components the total tension, and the angle with the horizontal 
given point.) the X-plane (Fig. 4(c)), the angle that the force 


makes with the Z-axis the angle small, the tangent may 
taken equal the angle; then: 
and, 
This gives resultant component force parallel the Z-axis, 
(=) 
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Similar reasoning the Y-plane leads to, 


which the component force parallel the Z-axis the Y-plane. have 
equilibrium the sum the two components (Equations (6) and (7)) must 
equal zero; thus, 
dz? dy? 
changeable. 

The difference, between the principal stresses any point 
determined from the isochromatic lines, sample which shown Fig. 
Around the free boundaries the dam and the sides the strap one 
principal stress must zero, there stress perpendicular the model 
edge. zero for any point, the difference, between the prin- 


cipal stresses, and the sum, the principal stresses, are equal. Along 
Lines and Fig. the total tension distributed uniformly across 
the strap that the sum the principal stresses again known. There- 


fore, the sum, known completely around the boundaries the 
model. 


New 


Strips were cut from thin aluminum plate form outline the 
model (see Fig. 6). The height, these strips was made proportional 
every point which, explained previously, was known. Another 
series strips was cut form negative such that the two fit closely when 
set one the other. rubber sheet, in. thick, was stretched uniform 
tension, (see Equation (5)), and clamped between the negative and posi- 
tive dies. survey the height the membrane every point was made 
with micrometer screw two-way carriage. This gave contour map 
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mined (the latter having been found the usual photo-elastic method), the 
individual stresses for every point the model were known. 


(a) SHEAR (b) DIRECTION MAXIMUM STRESSES 


600 


(c) COMPRESSION (d) TENSION 


Fig. summary the results, pounds per square inch, the cor- 
rection for the difference between the modulus elasticity bakelite and 
concrete having not been made. Checks against equilibrium were made 
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determine the experimental accuracy, obtaining the forces perpendicular 
to, and the shears to, various sections taken through the model. The 
results, shown Figs. and are follows: Along Section (Fig. 8), 


(e) TENSION ALONG 


Legend 
Tension 
Compression 
——--— Zero Stress 


All Stresses are Shown in 
ib per sq in. 


Fic. 10.—Srresses a Gravity Dam Its Founpa- 
TION UNIFORM SHRINKAGE 0.0006 


Fic, AGAINST EQUILIBRIUM (FOR Fic. 8). 
the error shear indicated Fig. 9(a), the error tension along 


Section (Fig. 9(b)), 8%; and the respective errors tension 
along Sections CC, DD, and (Fig. 8), were and per cent. 


Intersection of Line X-X with 
Downstream Face of Dam 


Intersection of 
Masonry and 
Foundation 


Compression | Tension 


in Ib per sq in. 
Fie. 
MAXIMUM TENSION 
AND COHESION ALONG 
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Finally, uniform compression added that part the model repre- 
senting the ground accordance with the foregoing discussion. Figs, and 
show the complete stress diagrams for the theoretical condition unit 
shrinkage 0.00165 in. per in. The line discontinuity stresses along 
the base the dam particularly noted. The relation between the 
stresses any point and the unit shrinkage simple ratio. Thus, 
the unit shrinkage taken 0.000825 in. instead the 
stresses every point are only one-half those shown. 


The model test was that theoretical condition that does not occur 
practice, and for that reason the results shown are only philosophical 
interest; nevertheless, they are value the designer. Points high 
stress are indicated and general “feeling” for the behavior shrink- 
age stresses can obtained from the results. special interest the high 
unit stress between the dam and the ground the heel and the toe the 
dam. general, the larger the fillet these points, the lower will 
the shearing stress. 
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DISCUSSION 


determining, with some exactness, the stresses concrete dam due shrink- 
age seems well adapted the photo-elastic method. Although the writer disa- 
grees with the author’s contention that the stress problem only two-dimen- 
sional, will not greatly affect the “philosophical picture” consider 
such. The principal inaccuracy the determination not the method 
itself but, Mr. Smits points out, the physical inconsistency between the 
prototype and the necessarily idealized model. the method does 
provide rational first approximation extremely complex stress dis- 
tribution. should distinct aid supplementing the engineering 
experience and judgment the designer. 

indicated the author, the “membrane analogy” supplement 
photo-elastic analysis appears have decided advantages over the method 
graphical integration for the determination the principal stress 
sum. There was also another excellent paper Supper and that 
exhibited great detail the use the membrane analogy for the determina- 
tion the quantity, The accuracy this method decreases, how- 
ever, the slope the membrane increases. This occurs regions high 
stress concentration, such the heel and toe the dam illustrated the 
paper. Since designer might have more interest such regions than 
others, would desirable avoid the effects this limitation the 
membrane analogy. 

Another supplementary procedure which seems adaptable all cases 
that Professor Tesar. This purely optical method 
requiring even less additional apparatus than the membrane analogy, and 
its accuracy independent the concentration stress the model. Its 
fundamental principle the interference light waves they are reflected 
from the bounding surfaces thin wedge air. The surfaces this case 
are face the model and optically flat glass. Changes thickness 
the model (which are function the quantity, q), cause corresponding 
variations the interference fringe pattern across the image the model 
screen. These variations can calibrated, and, therefore, can 
found for given load. 


stress pattern the bakelite model triangular dam resting continu- 
ous elastic foundation and subjected shrinkage? this paper, Mr. Smits 
has described conception this phenomenon. His description how the 
stresses might vary seems logical. Based this preconceived picture, 
proceeds load his model obtain this possible distribution stress 


Asst. Prof. Civ. Eng., Dept. Eng., Univ. Virginia, Charlottesville, Va. 
Franklin Inst., April, 1934. 

With Bureau Reclamation, Denver, Colo. 
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and, Figs. and 11, presents curves for the resulting stress distribution 
near the base. has failed show, however, that this the only way this 
stress pattern could have been produced and, for this reason, and for others 
cited herein, great value can attached the numeri- 
cal results shown Fig. 10. 

The author states that the form the test specimen 
was chosen that the stress pattern would gauge 
the degree axial loading. evident that choosing 
this type specimen, has clouded the stress distribution 
the very region that examining. The 
tribution any model dependent high degree its 
geometry. From Fig. the width the strap the 
same order dimension that the base the dam. 
For this reason the stress distribution Fig. may far 
different from that model which the form shown 
Fig. 12. 

means Fig. Mr. Smits has shown the accuracy 
obtained measuring the stresses shown Fig. 
would interesting if, his closing discussion, would 
present curves similar those Fig. for the resultant stress distribution 
shown Fig. 10. Evidently, the total areas under these curves should zero. 


12, 


Ese. (by letter)—The sections the paper entitled 
“Method Solution” and “Theory New Method” are valuable contribu- 
tions the theory photo-elasticity that they demonstrate how evaluate 
the stresses within the boundaries stressed The membrane method 
described the author has been successful the photo-elastic laboratory 
the Bureau Reclamation. The over-all error the experiments 
heavy monolithic structures estimated from 10%, depending 
the type structure and loading. 

The section the paper entitled “Application New Method,” gives 
numerical values the shrinkage stresses gravity dam which are 
good agreement with those obtained the writer based theoretical con- 
siderations and photo-elastic experimentation. For example, for the horizontal 
stresses along the bisector the top angle 45° triangular dam (Poisson’s 
ratio 0.2), set rigid foundation, the writer finds the following approxi- 
mate solution (taking the two first terms infinite 


4.39 
1.812 cos 2.7 log 0.178 sin log 
r 12.66 r 


which the distance from the vertex; the height vertex above 
the foundation (measured along the bisector); the modulus 


also, Zeitschrift angew. Math., Vol. II, 156. 
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elasticity; and, the shrinkage per unit length. =h, the horizontal 
stress the foundation becomes: 


which value estimated correct within due the omission the 
higher order terms Equation (9). Using the value Fig. 10, that 

Assuming per in., the stress would be, 1169 
per in.; and, with 3000000 per in., the stress would be, 

These quantities are not directly comparable with the author’s stresses 
Figs. and 11, because assumes elastic foundation the same 
modulus the dam. Consequently, when the dam shrinks, there will 
compromise between the foundation and the dam, the former going into com- 
pression the region directly below the dam and the latter into tension. 
not even division, however, because the foundation does 
not deform quite readily the dam with its much smaller mass; and, 
therefore, imposes the greater part the shrinkage elongation 
the elements the dam adjacent the foundation. 

Using the stresses given Fig. the foundation (630 the dam 
and 460 the foundation) basis the compromise, the computed stress 


630 460 


ing the value introduced Equation (10). The first value com- 
pares closely with the value (630) given Fig. 11, corresponding 
2000000 per in. which the author adopted for his calibration. 

Based the writer’s theory and experiments, concludes that the 
average horizontal tensile stress along the base dam elastic founda- 
tion varies from per in. per degree Fahrenheit decrease 
temperature, depending the ratio the elastic moduli the dam and 
the foundation. This range stress shows the dire necessity providing 
against shrinkage effects during cooling and pressure grouting. 


the dam would be, 676 and 1014, respectively, depend- 


Mr. Smits, namely, stretching the base the model introduce 
shrinkage stresses the body “idealized” dam, does not well represent 
the actual conditions prevailing Nature, will demonstrated presently. 

Shrinkage stresses concrete dams the gravity type are produced 
under several conditions, the most important which are: (1) The setting 
the cement concrete, dam resting clay foundation loose 
rock; (2) the setting the cement concrete, dam having perfect 
bond with solid rock foundation (Mr. Smits’ paper deals only with this 
case); and (3) the daily (or weekly) and seasonal changes atmospheric 
temperature, dam having perfect bond with solid rock 
foundation. 


"Lecturer in Civ. Eng., Columbia Univ., New York. N. Y. 
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Condition (1).—Stresses this catagory are due the premature setting 
the cement the two exposed surfaces the dam, before such action 
begins develop the interior regions the cross-section. result, 
relatively harder crust formed around the structure Nature’s attempt 
resist subsequent shrinkage effects the interior region. Such phenome- 
non and the resulting stress distribution will similar Nature that 
which occurs every day foundry practice when dealing with cast metals, 

Stresses the intensity and direction produced under Condition (1) 
obtained photo-elastic methods from model cast under proper curing 
conditions. previous bakelite specimens revealed the 
existence such stresses with sufficient number interference 
model was prepared filling with bakelite powder metal form deep, 
having the outlines the profile the dam with extended footings. The 
material was heated for several days constant temperature and then 
gradually cooled room temperature. After being machined thickness 
about in. for plane parallel surfaces, the cast plate was examined 

circularly polarized light for the 
fringe pattern Fig. 13. this 
view each fringe line contour 
the constant difference between 
the principal stresses, and act- 
ing point, with relative inten- 
‘sity for each fringe line equal 
its order marked. Since the maxi- 
mum shear stress intensity known 
equal one-half the difference 
the principal stresses, the fringe 
pattern will also show the distribu- 
tion these types stresses which 
quite useful for actual design pur- 
poses under certain circumstances. 
The variation these stresses across 
three typical sections, B-B, 
and (Fig. 13)—coinciding, re- 
spectively, the base, one-third, and two-thirds the height the dam—are 
shown Fig. 14(a). From Figs. and 14(a) evident that sharp 
corners and fillets small radii are regions high stress concentrations under 
the conditions structure discussed (Condition (1)). Furthermore, the 
stress gradient increases from the center the dam toward the outer surfaces, 
for all sections considered. 

The orientation the principal stresses, and found using plane 
polarized light constant directions vibration from 90°, with 10° 
intervals. The resulting isoclinic bands that are contours constant orien- 
tation these stresses are traced Fig. 14(b). From these curves, the 


rk we er Analysis of Stresses in Composite Materials”, by A. H. Beyer, M. Am. 


and Solakian, Assoc. Am. Soc. E., Transactions, Am. Soc. 
(1934), 1196. 
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stress trajectories Fig. 14(c) are obtained graphical The exis- 
tence singular point (known also isotropic neutral point) near 
the base the dam clearly evident from Figs. 13, 14(b), and 14(c). 
such point the two principal stresses are all possible orientations, and are 
equal magnitude and sign (both tension both compression). for 
example, that represents the zero order fringe Fig. 13. 
Condition (2).—When the dam has perfect bond with underlying 
foundation, the method outlined under Condition (1) does not apply. this 
case mass infinite extent which forms integral part with the base 
the dam, free from shrinkage phenomena, since underground and 
constant temperature. Such action, however, developing within the entire 
body the dam. The method proposed Mr. Smits serves introduce 
stresses only the base region the dam, whereas the larger part the 
structure above this region not affected. logical method would 
make model consisting two pieces, large block represent the massive 
foundation and small triangular plate represent thin section the dam. 
The block kept bath hot water, whereas the thin plate kept 
dry ice, both long enough establish uniform temperature distribution 
throughout their entire mass. The two pieces then would cemented 
together along the base the dam, taking care that each section was kept 


Fringe Orders 


an 


A ae A (c) Stress Trajectories 
(a) Maximum Shear Stress Distributions 
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its original uniform temperature during the final setting the cement. The 
cemented model would then introduced into cell with glass walls and 
containing hot water, raise the temperature the dam section that 
its foundation and thus make expand, the block whole being 
unaffected. This action similar that which occurs under actual condi- 
tions the structure considered. Fig. fringe pattern the 
produced model examined the method described. new photo- 
elastic material with greater stress-optical sensitivity, was used for the 
two parts the cemented model. special quick-setting cement was also 
used.* inspection Fig. makes evident the existence shrinkage 
stresses all over the cross-section the dam, variance with that 
the paper. 


TEMPERATURE. PHERIC TEMPERATURE. 


Condition effect temperature variation producing shrinkage 
stresses concrete dams can reproduced process similar that dis- 
cussed under Condition (2). The model, however, can made from single 
plate desired. The large base plate kept bath hot water, 
whereas the dam section enclosed cell with glass walls. The glass 
plates are contact with the polished surfaces the dam section, and the 
two compartments thus formed either side the dam are filled with dry 
ice, the up-stream cell with hot water and the down-stream cell with dry ice, 
desired duplicate the cases the reservoir filled empty. With 
this arrangement, flow heat through the body the dam will restricted 
across the two edge surfaces and the base the dam. 

When the effects sudden change temperature (daily weekly atmos- 
variations) are considered, the fringe pattern Fig. 15, taken few 
minutes after the model put the baths hot water and dry ice, will give 
qualitative picture the resulting momentary temperature-stress potential 
that exists over the cross-section the dam. duplicate the effects 
seasonal variations atmospheric temperature, sufficient time heat flow 
should allowed the test, produce more less constant flow heat 


from one part the dam section the other, thus affecting the interior 


14“A New Photoelastic Material”, by A. G. Solakian, Mechanical Engineering. 
December, 1935. 
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points the dam well. Under these conditions, then, the fringe pattern 
will quite steady provided the temperature the source heat and the 
sink kept constant. Fig. 15(c) represents the latter situation. 

Due the necessity certain improvements the details conducting 
the test, described under Conditions (2) and (3), further analysis with 
curves showing the intensities and orientations the stresses for the last 
two cases disregarded. matter fact, because the small size 
the models used this discussion (3-in. legs dam section) and Mr. 
Smits, the experimental results should considered only from qualitative 
point view. 

The suggestions described herein, for the investigation shrinkage stresses 
arising from various causes, combined with the centrifuge-polariscope 
analyzing the stresses dams due gravity and hydrostatic pressure, 
should give the investigator sufficient tools for complete and exact 
experimental solution the dam problem. 


problem treated Mr. Smits’ paper, the writer has studied xylonite 
model made similar Fig. 16, with broad strap, there being projecting 
“dam” one side only. the loads the ends the strap are properly 
centered the longitudinal tension, sensibly uniform throughout region 
where the distance from the base line, the dam (Fig. 17) exceeds 
one-fifth the height the dam. 

However, when the stresses are measured the point, Line 
(Fig. 17), where the shear stress parallel vanishes, found 


SHRINKAGE. 
(0.65) and 0.85) respectively (after applying the corrective pressure, 
below B), the upper and lower sides the line, discontinuity. 
For the case taken the author 220 per forces would 
results which differ appreciably from those deduced from Fig. 11. Apparently, 
this gives 650 per in., for the tension above, and 550 per in., 


for the pressure below, leading lesser tension the dam proper than that 

Baldin, Civil Engineering. May. 1935 


Prof. Applied Mathematics and Mechanics. University Coll.. London. England. 
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now found. Furthermore, the stress appears extend deeper into the base 
the dam Mr. Smits’ experiment than the present case. 

The writer has also traced the isoclinics and lines principal 
this case. The are shown Fig. and appear different, the 
upper part the dam, from those given the author Fig. 7(b). Fig. 
probably incorrect, since the lines principal stress should approach free 
boundary tangentially and normally. 

The device used Mr. Smits solve Laplace’s equation empirically 
interesting application well-known method originally suggested 
Prandtl” connection with the torsion rods, and further developed 
membrane, owing the difficulty being certain that the tension the latter 
uniform all points and all directions. Even this condition satis- 
fied initially, likely disturbed when the india-rubber sheet clamped 
between templates described, any rapid variations height the edge 
involving appreciable pinching, which must modify the tensions postulated. 
This seems more serious source error than the exaggeration the 
slope, may well not localized. 

This method assumes, course, that the equation solved 
Laplace’s equation; other words, that the material under consideration 
perfectly elastic. The same assumption made applying those methods 
which depend measurement lateral extension contraction. far 
the writer’s experience goes, bakelite material which very far from 
being perfectly elastic, and exhibits considerable strain creep and optical 
creep with time. The author does not state whether any precautions have 
been taken eliminate them. 

Mr. Smits congratulated having been able obtain specimens 
bakelite adequate size apparently free from large initial double refrac- 
tion. The bakelite obtainable England badly affected this way, and 
comparatively useless for photo-elastic work. 

not quite clear why the author (following Fig. describes what 
calls the method graphical integration (but which the writer would prefer 
call the step-by-step method) “long and tedious.” similar statement 
appears another paper.” would seem that engineers are under misap- 
prehension the work involved this method. 

and (Fig. 18) are two near points line principal stress, 
through the middle point, draw perpendicular Line meet- 
ing respectively, any two neighboring isoclinics which correspond 
tions reference. Then, 


17 Physicalische Zeitschrift. Vol. 4, 1903. 
** Engineering (London), Vol. 104. 1917. pp. 658, 699. 


~The Stress Function and Photo-Elasticity Annlied to Dams”, by J. H. A 
Brahtz, Esq., Proceedings, Am. Soc. E., September, 1935, 1015. 
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which usually small whole number degrees, which must 

Now, any photo-elastic investigation, both the isoclinics and the lines 
principal stress are fundamental and will have drawn any case; 
interpolation between isochromatics; (2) direct measurement with com- 
pensator; (3) varying all loads the model together such ratio 
that given order passes through the point. Thus, the 
data entering into the right-hand side Equation (11) are immediately 
slide-rule. 

this manner possible work along line principal stress and 
obtain the value step step, number points. the investigator 
suspects inaccuracies, owing accumulation errors, there impor- 
tant check, which should applied frequently. example, the investi- 
gator may reach the same point, using different rectangular zigzag paths along 
lines principal stress, and, the values agree (as they when the work 
has been done carefully), the stresses found can accepted with considerable 
confidence and used basis for further exploration. 

There necessity for “graphical” integration the ordinary sense; 
nor need the steps, general, small. What essential, 
however, that the lines shall have been obtained accurately the 
first instance. For this, visual observation, with bright illumination and 
good graticule reference, necessary. ordinary photograph usually 
not adequate for this purpose. 

This step-by-step method” entirely independent the elastic properties 
the material and not based the assumption that the substance used 
perfectly elastic. does, however, involve the assumption that stress differ- 
ence proportional optical retardation, and this law generally holds well 
beyond the elastic limit. 


gratified with the variety viewpoints expressed the discussers his 
paper, particularly since the mathematical solution the problem complex 
enough make the approach extremely difficult and, best, only approximate. 

Mr. Silverman has questioned the shape the tested model, feeling that 
the strap was too narrow relation the size the dam. Fortunately, 
when Professor Filon performed similar test, used model similar 
that suggested Mr. Silverman. The difference results obtained 
Professor Filon and the writer would indicate that this geometric change 
the model has bearing the quantitative result. unfortunate that 
wider strap was not used the original experiment. 

The agreement between the experimental results and the results obtained 
from the mathematical expression derived Mr. Brahtz very gratifying. 
Mr. Brahtz estimates that Equation (10) gives value which correct within 


Rept. the British Assoc. for the Advancement Science, 1923; also, Engineering 


(London), Vol. 116 (1923), pp. 511-512 
Structural Designer, Bowen, Los Angeles, Calif. 
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per cent. Thus, when 0.0006 and Equation (10) yields: 
1169 per in. This comparable the sum the maximum 
stresses either side the line discontinuity the ground line. From 
Fig. these stresses are shown 525 per in. and 650 per 
in., giving total 1175 per in. Professor Filon evaluated these two 
stresses 793 per in. and 472 per for total 1265 
per in. The three values obtained (1169, 1175, and 1265) fall 
narrow region, showing very good agreement between the three approaches. 

Professor Filon takes exception the lines direction principal stress 
drawn the writer Fig. 7(b). time did the writer observe iso- 
clinic lines which, when plotted, would give the sudden change direction 
the lines principal stress, indicated Professor Filon’s Fig. 17, near the 
faces the dam. noted that all cases the lines principal 
stress approach the free boundaries normally and tangentially Fig. 

The advisability using rubber membrane questioned Professor 
Filon. circles were drawn the rubber before stretching, and 
these were found remain true circles plan, both after stretching and 
after placing between the aluminum dies. 
was only after observing this precaution that 
the writer felt justified assuming uniform 
tension the membrane. 

The bakelite used this work was not 
free from initial double refraction until after 
the specimen had been carefully annealed. The 
annealing operation presented several 
ties. However, once properly heated and 
the model remained free 
stresses for some time. performing the 
experimental work the model, the element 
time was always considered decrease the 


Stress, in Pounds per Square Inch 


Strain. in 10™ Inches per tach 
Fig. represents stress-strain diagram 


for the bakelite used the model. The rela- 
tionship indicates remarkably straight line, which showed little tendency 
creep with time. 

Mr. Solakian presented some very interesting material the three condi- 
tions considered him. unfortunate that more detailed information 
was not given, both quantitatively and qualitatively, particularly relation 
Condition (3). noted with particular interest that bakelite cement 
has been perfected with physical qualities such that adaptable photo- 
elastic work. The writer has long sought such cement. The next step 
approximating actual conditions with the photo-elastic method now possible. 
Bakelite blocks can cemented together simulating the manner which 
they are now actually cast the field and the entire model tested unit. 
Engineers interested dam construction will look forward the publication 
the results tests made models built with construction 
joints. 
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THE SHEAR-AREA METHOD 
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Synopsis 

The shear diagram may used manner similar the moment 
diagram for the solution the elastic functions loaded beams. This 
procedure not generally known although the moment-area methods are 
common practice and are taught most schools engineering. Use the 
shear diagram simplifies the solution many beam problems, and, therefore, 
should interest engineers. This type solution applicable all 
types beams, and this paper includes the analysis statically determinate, 
and statically indeterminate, beams with concentrated loads, uniform 
loads, and couples. 

Notation—The symbols used throughout the paper are given the 
Appendix. effort has been made conform nearly practicable with 
“Symbols for Mechanics, Structural Engineering, and Testing Materials,” 
advanced the American Standards 


GENERAL 
The use the moment diagram solve for slopes and deflections 
statically determinate beams and for redundants statically indeterminate 
May 1935, Proceedings. 
Asst. Mechanics, Rensselaer Polytechnic Inst., Troy, 
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beams, well known. Since corresponding values can obtained 
similar treatment the shear diagram (and some cases, more easily), 
suggested that this method using the shear diagram should given more 
general consideration. 

The shear-area method has the following advantages: 


(a) eliminates the moment diagram and, therefore (especially with 
uniform loading), provides simpler figure work with than that the 
moment-area method; 

(b) simplifies the solution for slope and deflection any section and 
affords easy means locating the section maximum deflection; and 

(c) provides ready solution for the derivation the “Theorem 
Three Moments” for any type loading. 


For the student this method will bring into play certain “Mathematical 
Beams” which will aid his general knowledge beam action. the solu- 
tion the beam problems the shear diagram used the same manner 
the moment diagram the “Conjugate Beam Method.” 

considering the shear-area method the following assumptions should 
kept clearly mind: 

(1) The modulus elasticity considered constant all the problems; 

(2) The shear diagram divided the moment inertia used the 
loading mathematical beam the moment inertia constant; 

(3) The shear any section this mathematical beam represents 
the bending moment the same section the real beam; 

(4) The bending moment any section this mathematical beam rep- 
resents the slope the same section the real beam; 

(5) The slope any section the mathematical beam represents the 
deflection the same section the real beam (this deflection can expressed 
terms the moment inertia the shear diagram) and, 

(6) The end conditions the mathematical beam are determined the 
given beam. 


Referring Assumption (2), when the moment inertia not constant 


the ratio, replaced by, 


Equation (1) derived follows: 


and, 


the Y-axis; distance measured parallel the bending 
moment; moment inertia; and shear. Assumptions (1) (6) 
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are concerned with the relations between beam loading, shear, moment, slope, 
and deflection. Their significance may reviewed reference Fig. 
which: 

For shear (Fig. 


for slope (Fig. 1(d)), 


and, for deflection (Fig. 1(e)), 


for moment (Fig. 1(c)), 


LOADING 


(4) SHEAR 


MOMENT 


SLOPE 


DEFLECTION 


The following typical cases are given development the shear-area 
method solving problems applied beams that are statically determinate. 

Case Beam with Uniform Load Over Entire Case 
the real beam (Fig. 2(a)) has slope each end and, therefore, the mathe- 
matical beam (Fig. 2(b)) has moment each end. The real beam has 
bending moment the ends and, therefore, the mathematical beam has 
shear the ends. Hence, the reactions this mathematical beam are couples. 
The loading also couple and placed symmetrically about the center and, 
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consequently, one-half the total couple carried each end reaction. This 
evident since this case the real beam has equal end slopes. 


(a) Real Beam 


(b) Mathematical Beam Loaded 
with Shear Diagram 


Fic. 
The total moment the loading expressed by, 

With one-half assigned each end, the end slope the real beam is: 


Since the moment the shear diagram gives the change slope, the slope 
any point can computed measuring distance, from one end 
then taking moments the desired section, including the end reactions the 
moment equations; thus (see Fig. 3): 


or, 
find the deflection, any section integrate Equation (10): 


The maximum deflection occurs the section where 
384 


When concentrations occur the shear diagram each value multiplied 
the square its distance and included Equation (11). 


Case 2.—Simple Beam with Concentrated Load Mid-Span.—For this 
(see Fig. the total moment load is, 


wl 2 
>, 
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and the end slope is, 


(b) Mathematical Beam Loaded (b) Mathematical Beam Loaded 
with Shear Diagram with Shear Diagram 


Fic. 
The deflection any point equal to: 


Case Beam with Concentrated Load Not 
determine the end conditions the mathematical beam for this case (see 
Fig. 5), write the general moment equation with the left end the origin, 
thus, the moment the mathematical beam is, 


2LEI 
and the slope the mathematical beam is, 


The moment equation the mathematical beam, derived from the right 
end is, 


or, the slope the mathematical beam is, 


949 
2 
Taking moments for slope any point: 
? 2 2 q 
P P ‘ 
(a) Real Beam (a) Real Beam : 
and the maximum deflection occurs the section where 
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Equate the two tangents the mathematical beam when 
tion (19) equal and Equation (21) equal since the 
deflection the real beam can expressed both equations that point, 
thus: 


Pal! 

Pab 


The equations for deflection and slope for any section can now readily 
written: For slope, 


Pab 


and for deflection, 


Since the section maximum deflection the slope equal zero 
the real beam, the moment equation the mathematical beam need only 
set zero and solved for the value thus: 


Substituting Equation (28) the deflection equation, 


(a) Real Beam 


(6) Mathematical Beam (b) Mathematical Beam Loaded 
Loaded with Shear Diagram with Shear Diagram 
gy 
4 


Fic. 


and, 
2 
or, 
a 
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This means that will always 


such bring the section maximum deflection within dis- 
tant from the middle the beam. 

Case 4.—Simple Beam with Segment Uniform Load Any 
Equations (23) and (24) may used determine the end condition the 
mathematical beam the case simple beam with segment uniform 
load any position (see Fig. 6). Then (see Fig. 6(a)), 


the value varies from 


The slope any point can now obtained from the moment equation 
the mathematical beam; thus, for values from zero with 
the origin the left support, 


The deflection any point can expressed the same manner 
Case (see Equation (26)). 

Case Beam with Couple Applied Any 
ing the real beam first, will noted that the section where the couple 
applied there abrupt change the bending moment. Since the shear 
the shear diagram represent the bending moment the real beam, 
this means that concentrated load must placed the shear diagram 
that point equal the magnitude the couple (see Fig. 7). 

The end conditions the mathematical beam are determined Case 
Taking moments from the left end (see Fig. 7), the moment the mathe- 


which, Fig. the couple question. Taking moments from the 


right end, the moment the mathematical beam is, and, 


2LEI 
the slope the mathematical beam is, 


tion (32b), remembering that the sum the reaction couples must equal the 


LEI 


{ 
matical beam is: ——— and, 
2LEI 
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and, 


The slope and deflection any point are quickly computed, before 
(in 


and, 


Case Beam with Concentrated Load the End—For 
Case refer Fig. 


and, 


A (a) Real Beam 


(b) Mathematical Beam Loaded (b) Mathematical Beam Loaded M=* L* 
with Shear Diagram with Shear Diagram 2 
Fic. 
The maximum deflection occurs when or, 


Case Beam with Uniform Load Over Entire Span.—For 
this case, (see Fig. 9): 


Y 
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maximum deflection occurs where or, 


Case Beam with Variable Moment Inertia and with Con- 
centrated Load concentrated load Fig. due the 
abrupt change the moment inertia which makes the shear curve 
the mathematical beam drop directly that point. Its value determined 
the extra area added, due the difference Since the mathematical 
beam loaded symmetrically one-half the total loading moment will 
each end, or, 


The maximum deflection can found the usual manner (see Equa- 


tion (35)). the section where or, 


example, consider the loading Fig. 11. Equation (23), 


2000 Ib 
1000 Ib 


(a) Real Beam 


1333 
yj (b) Mathematical Beam Loade | 


t 
(b) Mathematical Beam Loaded 
with Shear Diagram, x 
Divid 


The moment the mathematical beam being equal zero the section 


2 


| 

| 
| 
4 
108 
(a) Real Seam 
Y 
PL 
ar z= 5.0+ 
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Equation (26), 
2EI 


and, 


314 300 
STATICALLY INDETERMINATE BEAMS 


The following typical problems are given development the shear- 
area method solving problems applied beams that are statically 
indeterminate. 

Case Beam with Uniform Load Over Entire Span.—The mathe- 
matical beam for this case (see Fig. 12) has symmetrical load and held 
equilibrium end shears, each which the end moment the real 
beam. other words, 


2 
The moment the center the beam is, 


(a) Real Beam 
(6) Mathematical Beam Loaded (6) Mathematical Beam Loaded 
with Shear Diagram with Shear Diagram 


the slope any point is, 


the deflection any point is, 


and the deflection maximum the section where or, 


ty Y, 
2 
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The points inflection will occur where the shear the mathematical 


2 
beam equal zero; that is, 


Case Beam with Concentrated Load this 
case (see Fig. 13), the end moment is: 


the slope any point is, 


maximum the section where that is, 


point inflection the real beam will occur the section (see 
Fig. 13) where the shear the mathematical beam zero. Consequently, 
PL_ 

Case Beam with Concentrated Load Not the 
Consider the shear diagram two parts; the first (Fig. 14(b)) the span 
were simply supported, and the second (Fig. 14(c)) with constant shear pro- 
duced the fixing moments. Since the slope each support due the 
combined effect zero, one may solve end slopes due general beam 
carrying end moments only and equate the end slopes the same beam 
simply supported one carrying the load. This method then permits 
solving the fixing moments the real beam. 


a 


(a) Real Beam 


(6) Simply-Supported Mathematical Beam 7 


(b) Simply-Supported Mathematical Beam Loaded with Shear Diagram 


Loaded with Shear Diagram 


M i M2 M, M2 
(c) Fixed-End Mathemafical Beam (c) Fixed-End Mathematical Beam 
Loaded with Shear Diagram Loaded with Shear Diagram 


: 
GY 
(a) Real Beam 
4 
L 
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derivation the end moments mathematical beam loaded with 
constant shear (see Fig. 14(c)) follows: The moment the mathe- 
matical beam expressed by, 


and the slope the mathematical beam is: 
Since Equation (53) equals zero when 
and, 
The combined end slope the real beam zero; therefore: 
(56) 
Pab 
and, therefore, 
L 
and, 
(59) 


determine the section maximum deflection equate the moment equa- 
tion the complete mathematical beam zero and solve for thus: 


and, 


the case the simple beam (Fig. 14(b)) note 
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means that the section maximum deflection this case can displaced 
only 16.7% from the middle the beam (compare with Case 3). 

determine the points inflection this beam write the general 
shear equation the mathematical beam and equate zero; solve the 
resulting equation for 


or, 


noted that Equation (64), equal one-half the distance 
the point maximum deflection (see Equation (62)). 

Case 12.—Fixed Beam with Segment Uniform Load Any Position.— 
Applying the method Case 11, and using the slope the simply supported 
beam with segment uniform load Case 


and, 


Solving for and 


and, 


Case Beam with Couple Applied Any Point.—Applying 
the method developed Case 11, and using the slope the end simply 
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supported beam loaded with couple, which was developed Case (see, 
also, Fig. 16): 


3 


and, 


From Equations (70) and (71), 
LB 
and, 


Case Beam with Variable Moment Inertia and with Uni- 
form Load Over Entire Span.—To solve the fixing moments, the beam 
Fig. considered simply supported and the end slopes are found. The 
end moments (unknown) are then applied, bringing the end slopes zero. 
The moment inertia any section (with the origin the is, 


The loading expressed the formula: 


which moment inertia the center the beam (see Fig. 17). 
The end slope simply supported beam is: 


e 
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For beam loaded with Moment the ends, the intensity loading 


equals Then the end slope is: 

L L 
and, 


Equate Equations (76) and (78) for 0.0265 and, 


(a) Real Beam (a) Real Beam 


(0) Simpty-Supported Mathematical Beam Loaded with Shear Diagram 


4 
4 Loaded with Shear Diagram A, 
M ” 0 M 2 M 1~ 0 2 
(c) Fixed-End Mathematical Beam (e) Fixed-End Mathematical Beam 
Loaded with Shear Diagram Loaded with Shear Diagram 


Case 15—Propped Cantilever with Concentrated Load 
Applying the same method Case where (Fig. 18): 


2 


Case Cantilever with Uniform Load Over Entire Span.— 


For this case: 


Case Cantilever with Concentrated Load Not 


Pab 


| 
| 
{ 
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Case 18.—Propped Cantilever with Couple Applied Equa- 


(82) 


Case 19.—Continuous Beam with Concentrated Loads Each 
Using the general equations derived Case (Equations (54) and (55)), 
with the simple beam end slopes, the end slopes any two adjoining spans 
(Fig. 20) are equated follows: 


and, 


1 2 


— M,L,—2M,(L,+ L.) —M,L,=— + c) . .(85) 

Case 20.—Continuous Beam with Uniform Load Over Each Span.—For 
the case uniformly distributed load over the entire length 
continuous beam: 


(86) 


a 


1 2 
(a) Segment of Uniform Load on each Span 


(6) Couple Acting in each Span 


Fic. 


Case 21.—Continuous Beam with Section Uniform Load Each Span 
(see Fig. the same reasoning Case 19, using Equa- 
tions (30), (54), and (55), 


and, 
t 
and, 
(a) Reat Beam poe i 
t 4 Li, 
M, M, 
Ls w tr, 
Fic. 
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Therefore: 


Case Beam with Couple, Applied Each Span (see 
Fig. the same method Case 19, using Equations 
(54), and (55), 


Therefore, 


The shear-area method, which uses type elastic load, not suggested 
the shortest method for solving slopes and deflections for all problems; 
but suggested particularly adapted for those problems involving dis- 
tributed load. the latter case the static moment and one-half the moment 
inertia the shear area are used more easily than the shear and the static 
moment the curved moment area. For the concentrated loads the func- 
tions the shear area are obtained quite easily those the moment 
area. For beam with varying moment inertia the solutions the shear 
and moment areas require about the same effort even though the loading 


for the former, appears more cumbersome than the 


loading the latter, 


one who interested using simpler elastic load than the shear 
area, the shear area modified, can investigate the loading directly. 


i 
‘ 
{ 
; 
q 
—— 
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this case the functions the slope and the deflection are the 
following equations, 


For slope: 
and, 
or, 
and, 


end deflection. 


APPENDIX 


the following notation, presented for the convenience reference, 
effort has been made conform nearly practicable with “Symbols for 
Mechanics, Structural Engineering, and Testing Materials” advanced the 


American Standards 
distance section from the left end beam 


subscript denoting “at the end.” 

subscript denoting ‘maximum.” 

subscript denoting “origin,” “at the center.” 

load per unit distance; load intensity per foot given beam. 

distance measured parallel the X-axis; subscript, 
refers Section 

deflection any section, X-X, given beam slope 
deflection. 

area loading diagram mathematical beam. 

constants (see Equation (6)). 

modulus elasticity. 


— 
. 
2 
—— 
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rectangular moment inertia; moment inertia the 
shear diagram at‘any section, moment inertia 
the center beam; moment inertia the ends 
beam. 


length; span given beam; subscript, denotes “left 
end.” 


moment force; bending moment given beam; total 
moment force. 

concentrated load given beam. 

reactions, resultants; subscript, denotes “right end.” 

subscript denoting “total.” 

total shear given beam. 

force 

slope the elastic curve; slope the left end given 
beam bending moment the left end mathematical 
beam) slope the right end given beam bend- 
ing moment the right end mathematical beam); 
mathematical beam). 


= 
= q 
= 
= 4 
= 
= 
| 
= 
2 
— 
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DISCUSSION 


often noticed that many engineers not fully understand the relationship 
the beam diagrams often drawn. The slope diagram shown Fig 
almost total stranger them, yet recognition member the 
family five curves necessary full understanding the very useful 
general relationships about mentioned. happens that the order 
the diagrams, correct Fig. also important, especially the 
beginner, yet new textbooks are still appearing with cuts faulty this respect. 
Instructors have been too facile with their calculus and too sparing with cor- 
rect and complete sketches showing the geometry the operations being 
performed. 

will demonstrated herein that new principles devices are neces- 
sary for solving the authors’ examples quickly advantage taken 
simple geometric relation which exists between the slope and shear diagrams, 
well between the deflection and moment diagrams, 

The moment-area principles referred the authors are not usually 
applied any diagrams except the moment and deflection diagrams. Note 
the restricted usage required the usual statement these principles: 


(1) When member subjected flexure, the change slope the elas- 
tic curve between any two points equal magnitude the area the 


for the part the member between the two points. 


(2) When member subjected flexure, the ordinate from any point, 
(Fig. 22), the elastic curve, tangent drawn the elastic curve any 
other point, equal magnitude the moment the area the 


between the two points, about Point 


The generalized statement these principles much more useful because 
they may then applied any the five beam diagrams, including the slope 
and shear diagrams much used the authors. 

General Relationship Beam Diagrams.—When the five diagrams, 
curves, any beam are arranged the ascending order shown Fig. 22, 
each curve the integral the one immediately below it. (The ascending 
order somewhat preferable especially the user thinks successive inte- 
gration ascending process.) equation may written for the lowest 
curve, successive integrations which will yield the equations all the 
higher curves, including the deflection curve. This procedure has long been 
used with conspicuous success More, Am. E., teaching 
structures the University Washington, Seattle, Wash. The relationship 
thus established makes possible state the moment-area principles 


Associate Prof., Civ. Eng., Ohio State Univ., Columbus, Ohio. 


| 
| 
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more general form, that their assertions may utilized determine all 
the curves completely. stated Professor More they are: 
ordinate any point any curve equals the slope the corre- 
sponding point the next higher curve; 
area between any two ordinates any curve equals the difference 
the corresponding ordinates the next higher curve; and, 
ordinate from any point (Point Fig. 22) any curve, 
tangent drawn the curve any other point (Point equal 
magnitude the moment the area the second lower curve 
between the two points, about Point 


(a) Ela- CURVE 


(3780 


Positive Slope 
Not a Center Line 


= 


CURVE 


Elastic Line 


| 72 Kip-Ft 
P | 
(c) MOMENT CURVE 
Origin 


z 
(=7.94 ft) 


+8 Kips 


SHEAR CURVE 


Kips 


LOAD CURVE 
20 Kips 
15° 


Fic. SOLUTION MOMENT-AREA PRINCIPLES, 


accordance with the foregoing laws, the ordinates one curve are 
and increase from left right, the slope the next higher curve 
will also positive that point and will increase from left right. Corre- 


sponding statements may made for negative ordinates, and for ordinates 
that decrease from left right. 


1333 Kip-Ft? 
cubic 
4 
12 Kips 
r 
Kips 
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These principles enable one sketch the curves any beam their 
correct relation, one after the other, and evaluate their maximum points, 
Fig. 22, numerical example the authors’ Case (Fig. 5), the uniform 
ordinates the shear curve determine the uniform slopes the moment curve 
(Law I). Law II, the maximum bending moment may found from the 
shear curve. The increasing positive ordinates the left portion the moment 
curve call for increasing positive slope the directly above 
(Law I), being constant. Upon drawing the A-curve inspection 
seen that the slope the elastic line negative the left end, that the 
Y-intercept the negative. The value this intercept deter- 
mined usual, applying Law III the moment and deflection curves; 


252 

The point maximum will where the crosses the 
X-axis and this point easily found without resort any new principles 
applying Law III the slope and shear curves. Taking moments the 


shear area about the unknown point, Q’:8 252; and 


7.94 ft. Furthermore, Law II, the maximum deflection the area 


Statically indeterminate beams can also solved with corresponding facil- 
ity, compared the authors’ The writer cannot refrain from 
suggesting that the introduction equivalent “mathematical beam” device 
may easily source confusion, which quite unnecessary, once the gen- 
eral relationship all curves recognized. 


Amaxz. = 


Carpenter,’ Jun. Am. Soc. (by areas 
have proved their usefulness and shear areas are doubt unique applica- 
tion moment-area principles. However, the writer doubts “mathematical 
beams” are preferred real beams. Engineers have used area moments 
tool, the principles being easily retained and recalled when the need 
arises; only two laws must remembered. The shear-area method has 
least five relations which must remembered reviewed before using. The 
authors suggest that for student the “mathematical beam” will aid his 
knowledge beam action; the writer would make exception this since 
area moments must necessarily understood before shear areas could 
grasped. will granted that teachers applied mechanics have been lax 
the past not calling the attention students the relation the third, 


See Appendix Bulletin 66, Ohio State Univ. Eng. Experiment Station, “The Moment 
Distribution Method Structural Analysis Extended Lateral Loads and Members 
Variable Cross-Section” (Revised Edition), George Large, Assoc. Am. Soc. 
and Clyde Morris, Am. Soc. 


Civ. Eng., Swarthmore Coll., Swarthmore, Pa. 


m 
. 
18 
= 
= 
= 
b 
loa 
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second, and first derivatives the elastic line, the shear, moment, and slope 
those relations successfully the University Washington, Seattle, Wash., 
without the aid the “mathematical beam.” 


Half Parabola 


MOMENT DIAGRAM 
Fic. 23. 


The authors suggest that the shear-area method particularly adaptable 
problems involving distributed load, stating that the shear areas are used 
more easily than the curved moment areas. This true with the moment 
diagrams ordinarily used. For some time the writer has followed the method 
suggested Mr. James for treating uniform loads, which places 
the parabola involved form easier apply. illustrate, take the authors’ 
Case Fig. indicates how the moment diagram would drawn, the dia- 
gram being divided into positive and negative areas; the curved negative area 
the complement half parabola. This convenient when finding 


wh w 3 

3 3 


This means building the moment curves equally applicable cases 
concentrated loads and continuous beams, the component curves always 


being easily drawn starting from the left end and considering all the 
loading elements. 


Materials,” James Boyd, McGraw-Hill Publishing Co., 1924. 


wl wi. 
L 
(a2) LOAD DIAGRAM 
z 3 
| | wl 
Area= 4 
2 
4 
Area = “2_ 
6 wh? 
Complement of 
3 
L 
6 
e 
at 
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sented Professor Compton and Mr. Dohrenwend, supplies new and novel 
procedure for the solution the elastic functions beams. There are many 
cases, course, which the method not advantageous. This, itself, 
way detracts from the usefulness the concept. 

The writer looks upon the method new tool facilitate structural 
analysis. one method analysis universal scope and simplicity. 
The methods “slope deflection”, “moment areas”, “the column analogy”, 
“moment distribution”, “internal work”, etc., are all available the struc- 
tural engineer. Each them peculiarly adapted the solution par- 
ticular problems. The structural engineer who familiar with all methods 
usually able decide before beginning analysis, which likely 
prove the most expedient. 

presenting, “the shear-area method”, the profession the authors have 
dealt quite thoroughly with beams. the space few pages they have de- 
rived equations for slope and deflection, for variety beams, each under 
several conditions loading. Such wealth beam functions available 
for immediate reference may prove very useful. The same information 
may found any standard textbook the strength materials, but 
the writer has never been able find all the given data such condensed 
form. Students well structural engineers may well look upon the paper 
convenient reference table slopes and deflections used the 
solution more complex problems. 

The following simple problems are included illustrate the usefulness 


the paper when applied this manner. The notation the original 
paper preserved throughout, with the following exceptions: partial 
slope End Member BC; and total slope End 
Member BC. 

Problem 1,—An L-Frame with Concentrated Load Applied Mid-Point 
structure shown Fig. indeterminate the first degree. 


Fic. 24, 25. 


Civ. Eng., Rensselaer Inst., Troy, 


the 
‘ 
4 
tio 
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Point The determination the moment, will sufficient make 
the structure statically determinate. The solution for the unknown moment 
Joint follows, using directly the slopes derived the paper: 
Equation (80), the slope, due the concentrated load, 


Equation (83), the slope, ¢sc, due the bending moment, 


and the total slope, equals 


Equation (83) again, the total slope, due the bending moment 
and, 


Problem 2.—Two-Span Continuous Beam with Uniform Load One 
Span and Concentrated Load Center Other structure 


w Lb per Linear Ft FN _wilb es Linear Ft A 


Fic. 26. 27. 


Fig. statically indeterminate the first degree. The solution for the 
moment over the support Point will make statically determinate. 
The beam reduced simple structure cutting shown Fig. 27. 
Then, Equation (14), the slope, due concentrated load, 


Span 


lem the total slope, the sum, 


and, 


: 
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Problem 8.—Continuous Beam Two Equal Spans, with Concentrated 
Load Center One Span.—The structure Fig. indeterminate 
the first degree. this case the reaction Point will chosen 


Fic. 28. 


the redundant. With the reaction this point known, the structure stati- 
determinate, shown Fig. 28(b) and the shear diagram for this 
case shown Fig. 28(c). Equation (17), the deflection, due 


3 
unit load Point and, Equation (24), the slope, due 
concentrated load, is, 


Pab 


Then, Equations (7), and (9) the deflection, due concentrated 
load, is, 


and, the reaction is, 


the deflection beams offered this paper, but stated the “Con- 
clusions,” not suggested the shortest method for solving slopes and 
deflections for all problems. This true statement because there are 
many problems which slopes and deflections can solved less time 
than required the shear-area method. 

example the writer will the maximum deflection the 
shaft shown Fig. the shear-area method, demonstrate that 
not the shortest. Furthermore, more complex than comparable method 

Care, Pennsylvania Sugar Co., Philadelphia, Pa. 


| pr 
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presented the that simple differential equation must 
used obtain the required results, which may not appeal every engineer. 


12" 


60" 
REAL BEAM 


Note: The Weight of Shaft is Con- 
sidered Zero in All Caiculations 


x 


2.267 


1733 


1072 in-? 


19.24 


(b) MATHEMATICAL BEAM LOADED 
WITH SHEAR DIAGRAM DIVIDED BY / 


29. 


constant will assumed equal unity which will some- 
what simplify the equations. determine the end conditions the mathe- 
matical beam the general moment with the left end the origin, is, 


Integrating Equation 


The moment equation derived from the right end the mathematical 
beam, is: 


Engineering, November, 1933, 


971 
23" | 
3 3" 6" 3! 
22" 
3 2 
a 
I= 30.67 3 
1117.8 
2 
28" 
= 20" 
a x j 
2267 
| 
— 
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Integrating Equation (103): 


Equate, six times, the two tangents the mathematical beam point 
in. from the left end, since the deflection the real beam 
expressed both equations that point, thus: 


Substituting the limits and reducing Equation (105): 
Reducing Equation (106): 


From the mathematical beam the total, equals 477, and using the 
notation, then, from Equation (107): 


Reducing Equation (108), 16470; and 33477 16470 
17007. (All computations this discussion were made with 20-in. 
slide-rule.) 

The moment the mathematical beam equal zero the section 
maximum deflection, thus, Section 


From Equation (109) 4.14 in., which means that the point maxi- 


mum deflection the real beam occurs 27.14 in. the right the left 
reaction (see Fig. 29). 


961.2 (4.14%) 447000 179500 in. when 


equals unity. When equals 29000000, the maximum deflection 
267 500 
000 000 

The deflection point in. the right the left reaction from the 
left-hand part Equation (107), 28(16470) 193809 267391 


when equals unity, and when equals the deflection equals 
0.009220. 


equals 0.009224 in. 


" 
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From the foregoing computations the deflection the point zero shear 
the real beam found just little less than the maximum deflec- 
tion. comparison with the solution this problem which preferred 
the does not seem that the foregoing solution the maximum 
deflection the shear-area method the shortest. 

Fig. had been loaded with uniformly distributed loads different 
then solve for the maximum deflection the shear-area method would 
have been the shortest, and the authors state suggested particularly 
adapted those problems involving distributed loads. 

The shaft given the example actually has uniformly distributed 
loads different values, but for the purpose comparison was considered 
having weight. 


textbooks strength materials the development the beam theory 
given, usually starting with the authors’ Equation (2) and deriving the slope 
and deflection curves direct integration. also shown that the load- 
ing, shear, and moment curves are related the same manner the moment 
divided the slope and deflection curves. follows once, with the 
usual assumptions the beam theory and for constant moment inertia, 
that the five curves Fig. form series which each succeeding curve 
may obtained direct integration. 

the method obtaining the equation the 1-curve this series 
from the n-curve the same whether 
curve from the second one the same 
way that obtained the fourth from 
the first; or, may obtain the fourth 
from the second the same way that 
the third obtained from the first. 
each case the constants inte- 
gration must taken care 
other means than those pure mathe- 
matics. However, shown the 
authors Equation (1), the moment 
inertia not constant, the curves MOMENT 
Fig. and Fig. 30(b) the 
series not have the same physical 
meaning when divided the variable, 


SHEAR 


they have the series the 
previous paragraph. They must 
considered the first and second de- 


SLOPE 


the slope, whereas the DEFLECTION 
the deflection. With this 30. 


Associate Prof., Eng., the City New York, New York, 


rivatives the equation. The 
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second series equations are related each other the same way that they 
are the first. 

order take advantage these well-known facts, one must 
signs consistent well the units. The writer feels that inconsistencies 
have occurred the several basic formulas derived the authors and 
has taken the liberty re-state Equations (6), (7), (92), (94); 
and (95), giving the assumptions under which the re-stated formulas 
are derived. expected that some the differences between the two sets 
formulas can explained differences definitions both terms and 
signs. hoped that the authors will clarify this phase their paper 
their closing discussion and will state definitely their assumptions 
The writer has used the convention analytic geometry that dimension 
positive measured the right upward from the origin, whereas force 
positive acts positive direction—that is, upward. The origin 
assumed the left end the beam. Curves (a) and (d) Fig. differ 
from those Fig. sign possibly because these assumptions. the 
inertia, the origin can often shifted advantage. 

Fig. the area bounded the curve and any two ordinates equal 
the difference between the corresponding ordinates the next lower 
curve. This the result the method obtaining the equation 
the curve, integration. follows that the units used measur- 
ing the ordinate any curve are those the curve from which derived 
multiplied feet; whence, the ordinates the loading curve (Fig. 30(a)) 
are pounds per foot, those the shear curve (Fig. 30(b)) are units 
pounds, and those the moment curve (Fig. 30(c)) are pound-feet; the 
(Fig. 30(d)) are pound-feet?; and, those the 
(Fig. 30(e)) are one elects divide and use 
the second series, the y-curve ordinates must feet, the units for the 
other curves follow once with the (d)-curve ordinates being non-dimen- 
sional, the (c)-curve the (b)-curve, mathematical curve, 
and the (a)-curve term the corresponding equation 
derived should conform one other these systems units, the 
reason for not doing should evident. any case each equation should 
self-consistent its units. 

has been shown that the relationship between Fig. 30(b) and Fig. 30(d) 
the same that between Fig. 30(a) and Fig. 30(c). the first series 
the equation for Fig. (30c) obtained (from the definition moment) from 
that Fig. 30(a) for the moment, plus the moment the loads 
about Point (the load, negative and this load moment, therefore, 
negative value). taken the distance from the dz, 


o 


that the equation for Fig. 30(d) is: 


§ 
" 
‘ 
> 
> 
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divided the (or mathematical beam curve) between and 


example shown Fig. 30, ¢:, and, therefore, dz, are all nega- 
tive value whereas and are positive. Equation (110) the writer 
feels should used instead the authors’ Equation (6). (6) 


variable, Equation (110) becomes: 


and dividing the constant, 
y = Yt X Pie 


Equation (112), taken the second moment moment 
inertia the area under the mathematical-beam curve between the ordinates, 
and about the ordinate throught Point The value the 
authors’ presents interesting and novel idea. The proof 
quite simple. Equation (112) corresponds the authors’ Equation (7) 


Apparently, the authors have assumed that constant deriving 
Equations (92) (95). The writer has obtained the following equations 
under the same assumption: 


| 
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and, 


the second and third moments the area under the load curve between 
and about the ordinate through Point may considered 
part the load, and writing represent the load whether concen- 


and, 


and are given definitions the mathematical and shear 
curves and has not been defined the authors these notations have not 
been incorporated these equations. The subscript, for “left end” used 
the authors used this discussion instead the less definite, 
the origin always placed the left end. 

The writer takes issue with the authors the case the equations 
number the examples particularly their inconsistency units and 
signs. This inconsistency makes practically necessary re-work the 
examples order connect their application with the ordinary beam theory 
and through them connect the area-moment method with this 
hoped that their closing discussion the authors will clear these points 
that their work can followed more readily. 


analogy presented this paper, whereby structural problems involving the 
solution the elastic curve equation may simplified. Like the moment- 
area method and the column analogy makes use dummy loading 
dummy structure, certain functions which loading equal the desired 
tions real load real structure. 

far the writer knows the analogy the shear-area method has not 
been presented before, although the difficulties involved the use the 
moment area for distributed loads have indicated the desirability some 
method involving the simpler shear curve. 

study this paper has suggested slightly different statement the 
method presented the authors which seems more nearly approach 
the “conjugate beam” method its procedure. spite its limitations, the 
writer believes brief presentation this procedure may worth while. 


Associate Prof. Eng., Utah State Agri. Coll., Logan. Utah. 
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Since the advantages this analogy over those the conjugate beam analogy 
seem disappear for beams varying cross-section, this procedure will 
presented for the case prismatic beams only, although its use perfectly 
general not always simple computation. 

dummy beam loaded with the shear diagram from 
some real loading real (prismatic) beam, the following relations load 
functions exist: 

(1) The shear given section the dummy beam equals the bending 
moment the corresponding section the real beam; 

(2) The bending moment given section the dummy beam, divided 
(modulus elasticity and moment inertia section the real 
beam, respectively), equals the slope the corresponding section the 
real beam; and 

(3) The second moment the forces one side given section 
dummy beam, divided equals the deflection the corresponding 
section the real beam. 


That these relations are true may seen study Equations (1) 
“second moment” meant what commonly called “moment 
inertia” and computed follows: 

(a) For area, the expressions for the moment inertia area 
are applicable, are available handbooks and textbooks, and, for simple 
figures, have been memorized most engineers; 

(b) For single force, the product the force the square the 
perpendicular distance from the force the point question; and 

(c) For couple, the product the moment the couple twice 
the distance from its point application the point question. That this 
true for couple may shown 
follows: Referring Fig. 31, the second 


Point equals, Fic. 31. 


(Making very small and very large, without changing the moment, 
Fa.) 

The reactions the supports the dummy beam are either forces, 
couples, combination forces and couples, and are determined the 
conditions the corresponding supports the real beam. Table shows 
how they are determined for several common types beam. The symbols, 
and represent the shear, bending moment, slope, and deflection 
the given section the real beam, and the V’, M’, and I’, 
the shear, bending moment, and second moment, respectively, 
the corresponding section the dummy beam. 

The signs used for both beams correspond the convention which up- 
ward forces the left produce positive shear, and beam bent concavely 
upward has positive bending moment. With positive shear diagram taken 


> 
4 
a 
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downward load the dummy beam, the sign the second moment 
the product the sign the bending moment the sign and corre- 
sponds positive slope the real beam, down the right, and posi- 
tive deflection downward. order illustrate the procedure several 
the cases presented the authors will serve examples. 


Type REAL BEAM DUMMY BEAM 
Real Beam Conditions Conditions Conditions Conditions 
at Left End at Right End at Left End at Right End 
Simple Mi x0 
l= 
Reactions=2Couples 
Cantilever 
Reactions = 1 Force, 1 Couple 
Fixed 
Reactions = 2 Forces 
Continuous. M! | 
Level V; | 


Reactions = 2 Forces, 2 Couples “ 


Case Beam with Concentrated Load Not Mid-Span.—Making 
use the condition zero deflection the right support and using the 
equivalent rectangles Fig. (the moment inertia, the rectangle 


3 
about its base equals 


! 
REAL BEAM DUMMY BEAM 
Shear 
Diagram 


RECTANGLES EQUIVALENT SHEAR DIAGRAM 
82. 


bh 
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6EI 
and, 
The deflection, distance, from the right end given 
follows (when measured the left the sign 
and, 
Pbz 
Since maximum deflection occurs where the slope, zero: 
2 
Pab 
and, 


Pab 


Case Beam with Concentrated Load Not the 
Making use the conditions zero slope and zero deflection the right 


(a) REAL BEAM DUMMY BEAM 


Shear 


RECTANGLES EQUIVALENT SHEAR DIAGRAM 


33. 


b a \ 
P 
jo— 
L 
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support and the equivalent rectangles (see Fig. 33): When M’, 


2 2 


Eliminating between Equations (124) and (125), 


(126) 
and, 


Then, substitution Equation (124), 


Points inflection occur where hence: 


measured from the left end, 


and, measured from the 


right end, Maximum deflection occurs where the slope, 


measured from the right end, 


zero, hence: 


and, 
2 
and, 
— 
an 
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and the deflection equation, becomes: 


Substituting the value for maximum deflection, the expression becomes: 
3 }2 
(135) 


Cases 22.—Continuous Beam; Three-Moment right- 
hand side the three-moment equation the difference two terms. The 
first equals the slope the right end simple span dimensions and 
loading the left span the continuous beam, multiplied and 


Diagram 


REAL BEAM DUMMY BEAM 
34. 


the second term equals the slope the left end simple span the 
dimensions and loading the right span the continuous beam, multiplied 
Now, for simple beam with any loading (see Fig. 34): 


I’, = (—M’) (2 L) Fes = 
and, 


which, and are the second moments the shear diagram only, 
about the right and left supports, respectively. 

Substituting these values for the slope, the general equation for three 
moments reads follows, terms the second moments the shear 
diagram for any loading: 


and for equal values moment inertia both spans: 


1 2 


& 
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which and are the second moments the shear diagrams only, 
the two spans, about the left and right outside supports, respectively. 
Case 20.—Continuous Beam with Uniform Load Over Each Span— 


Referring Fig. moment inertia, triangle about its apex, 


is — }: 


(@) SHEAR DIAGRAM (0) EQUIVALENT AREAS 
35. 


Equations (142) and (148) could also have been obtained treating the 
shear diagram couple. Substituting these values for and 
the three-moment equation, becomes: 


1 


hoped that the foregoing examples will serve show the general 
procedure applying the shear-area method this manner and will also 
reveal its chief advantage, stated the authors; namely, the relative 
simplicity the second moment shear areas composed tri- 
angles and rectangles compared with the first moment parabolic seg- 
ments moment areas when uniformly distributed loads are involved. 
the proper choice equivalent areas distributed load any extent, any 
arrangement concentrated loads, may handled simply. For loads 
variable intensity and for beams variable cross-section the dummy loading 
becomes quite complex that the moment-area method. For beams 
variable cross-section the loading curve that Equation (1) the paper, 
and Statements (1), (2), and (3) this discussion must modified take 
this into account. However, the writer’s opinion that, for these more 
complicated cases, the classical methods involving integration, approximate 


solutions involving -the might well used. worth 


and, 
or, 
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mentioning, perhaps, that the shear-area method has the pedagogical value 
all such analogies that provides the student with excellent 
drill the fundamental relations and quantities mechanics. 


general, are not adequately familiar with the relations existing between 
load, shear, moment, slope, and deflection for continuous members subjected 
lateral forces. Although most engineers may have had occasion use 
Equations (146) and (147), some time, relatively few have made any use 
the companion Equations (148) and (149). these equations all the symbols 
for slope: 


for moment: 


for shear: 


and, for load: 


have their usual significance. The authors indicate these relationships 
graphically Fig. 

The wider use the methods “slope deflection” and “moment distri- 
bution”, together with their many modifications, has created keen interest 
methods structural analysis during the past few years. Since 
methods analysis are based study distortions, natural that 
interest methods determining distortions and deflections should 
equally stimulated. The writer has been amazed the extent this inter- 
est evidenced the attendance designing engineers and architects 
the vicinity Cleveland, Ohio, special classes devoted the study the 
various methods determining stresses and deflections for statically inde- 
terminate structures. 

The authors have performed double service the profession, therefore, 
first describing the successive relationships between load, shear, moment, 
slope, and deflection, and then demonstrating how these relationships may 
used develop alternates the “moment-area” method determining 
slopes and deflections. The writer has solved several problems both the 
“shear-area” and the “moment-area” methods, and finds that prefers 
the latter method. This decision may due, however, the fact that 
has been familiar with this method for much longer period. 

Assoc. Prof., Structural Eng., Case School Applied Science, Cleveland, Ohio. 
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all such “shorthand” methods analogy, set rules may estab- 
lished and followed blindly, thereby “grinding out” the required results with 
little mental effort and possibly with little appreciation the physical 
the process. quite proper that such methods developed. The 
routine labor required for many similar designs may thus lightened mate- 
rially. also important, however, that the young engineer first familiarize 
himself with the physical meaning his process that may use 
when, and only when, entirely applicable. 

The writer would have preferred that the authors omit several the 
routine examples, substituting their place more complete development 
the theoretical principles illustrated. 


the authors that the shear-area method described their paper has 
the advantage over the standard moment-area method, that provides 
simpler figure work with, and that its use simplifies the solution for slope 
and deflection. This claim would true the authors had not introduced 
the computations moments and shears their so-called mathematical 
beam, loaded the shear-area loading and supported hypothetical man- 
ner. The shear-area method computation can applied readily any 
beam and loading without introducing the hypothetical beam and loading, 
which complicates rather than simplifies the solution. 

use any fundamental formula intelligently, the engineer must 
familiar with its derivation and the meaning and sign every symbol used. 
Therefore, the writer presents briefly, first the derivation the fundamental 
formulas involved and, second, their application two comparatively simple 
problems. 

Derivation Fundamental Formula for the General Case Loaded 
Beam.—Fig. 36(a) shows the beam and loading; the end restraining moments, 
and are indicated negative. 

Fig. 36(b) shows the straight beam, deflected under the loads 
the position, where yo, the desired deflection the beam 
any point, distant from the slope the beam this point; 
and and are the slopes the beam and respectively. 

Select Cartesian system co-ordinates with the origin where the 
deflection and slope are desired, distant variable, from measured 
positive the right and measured positive upward. With this 
system co-ordinates, the signs which apply are indicated Fig. 37. 

The differential equation the deflected beam given the classical 


formula, 
Multiplying the last two terms gives, 


Civ. Eng., Columbia Univ., New York, Professor Beyer died 
April 19, 1936. 
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Integrating both sides between the limits, and using the method 
parts for the first term: 


or, 


A 


Equation (153) the fundamental general formula the moment-area 


method. 


Positive Negative 


+X Slope 


or 
(5) DEFLECTION DIAGRAM Deflection Upward Downward 
36. 37. 


Referring Fig. 36(b), when the support fixed space; 


deflection the beam Point 
The authors’ contribution this well-known theory consists express- 
ing the bending moment any point, terms the shear area. 


z 


from 
The equation for expressed terms the shear area, then 


becomes, 
4Vdz 


very much more complicated expression than Equation (153). Only when 
and are constant can Equation (154) simplified to, 


M, 


sete 


| | | 
t 
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which the moment inertia the shear area (sign deter- 
mined accordance with Fig. 37) the right the origin co-ordinates 
taken about the Y-axis through the origin. Taking the first derivative 


with respect (noting that negative) 


A 


Equation (156) the static moment the shear area between 
and about the Y-axis through using the signs for the shear area 
determined Fig. 37. 

Application Formula Beams with Constant Moment Inertia—The 
general equations used are, 


and, 
Az 


The general formulas, Equations (157) and (158), give the deflection, yo, 
and the slope, any point, distant from terms the shear 
area. They can applied directly any beam loading when the end 
shears and moments have been computed. For statically indeterminate beams, 
they can also used for determining the end moments and shears. 
solving these equations, the analogy hypothetical beam and loading 
not necessary and not recommended the writer the analogy does not 
contribute the directness simplicity the solution, can seen 
from the following typical examples. 

Analysis Statically Determinate Beams (Authors’ Case I).—The gen- 
eral formulas required are: 


and, 


(160) 


this case, and are each equal zero. The value can 
computed means Equation (159) Equation (160). Equation (160) 
used because its simple form; also, from symmetry, 

Using Equation (160) (making (see Fig. 38)): 


M ava A 
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Equation (161), the static moment the shaded shear area 


From Equation (159), therefore, the elastic curve expressed by: 


about vertical axis through and equal 


Yo = — 2,04 — 


tvs tv. 

SHEAR DIAGRAM 

which, the moment inertia the trapezodial shear area, 
(Fig. 38) about and equal the static moment the rectangle, 

The equation the elastic curve then becomes, 

3 3 4 =f 

384 


The slope can found differentiating with respect keep- 


ing mind that the origin shifted changes, which makes dyo minus; 
A 
thus: 


The same result for can obtained directly from Equation (160), 
which now the static moment the shear area, about 
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Analysis Statically Indeterminate Beams (Authors’ Case II).—The end 
reactions, M,, and (Fig. 39), can computed the usual man- 
ner. They can also found readily means Equation (159) and 


b). Note that and are each equal zero, 
Then, 


which, the moment inertia (see Fig. 39), the rectangle, 


Expressing and terms the load, and and the equation 
the elastic curve is: 


The solution becomes simpler when numerical values can 


substituted for M,, and Equations (159) and (160). 


Jun. Am. Soc. (by letter)—The “shear-area 
method” for the solution the elastic functions loaded beams pre- 
sented this paper outlines another interesting and valuable method 
analysis for both statically determinate and statically indeterminate beams. 
the authors have stated not “the shortest method for solving slopes 
and deflections for all problems,” but its advantages cases involving 
uniformly distributed loads become quite apparent when the method put 
the test. 

The parabolic moment-curve areas involved the solutions the moment- 
area methods are always disagreeable and sometimes difficult handle. 
the other hand, the shear-curve areas for the same loadings are usually simply 
combination triangles, rectangles, and trapezoids, the properties which 
are well known every engineer and designer. 

There are many cases, also, which the shear-area method may used 
advantage combination with some other method, such the conjugate 
beam method. the case simply supported beams, for instance, the end 
slopes many times may found much more readily the shear-area method 
and then these slopes may applied end reactions for the “conjugate 
beam.” The problem may then continued completion the latter 
method inspection seems indicate easier solution that method. 


Civ. Eng., Rensselaer Polytechnic Inst., Troy, 
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For example, consider the following simple beam loaded with two patches 
uniform load symmetrically placed with respect the center the 
(see Fig. inspection the shear and moment diagrams immedi- 


x 


Fic. SOLUTION FoR END 


ately suggests easier and quicker solution the end slopes the shear- 
area method. The end slopes, which are numerically equal each other are 
also equal one-half the moment the couple produced the shear-area 
loadings. The value the shear-area couple equal the value the 
shear area above below the base line, multiplied the distance between 
their centers gravity. The value one-half this shear area couple may 
then found immediately taking moments about the center line the 
mathematical beam the shear area one side the section. This prin- 
ciple may used for all simple beams with loadings that are symmetrical 
with respect the center line, providing, course, that the beam itself 
also symmetrical about the center line; thus (see Fig. 40(b)): 


144 


find the same end slope the conjugate beam method involves the 


solution for the end reaction, R,, the conjugate beam. the moment dia- 
gram symmetrical with respect the center line, this reaction, R,, must 


(2) LOADING DIAGRAM 
As b | 
Shear Area Couple 
00 ‘ 
6.3 
(5) SOLUTION BY SHEAR-AREA METHOD 7 
« 
4 
or, 
t 
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equal one-half the total moment-area loading. this total area, EFA, 
that under the curved portion (that is, Area Fig. 40(c)), presents 
the greatest difficulty. This area, course, may found means the 
calculus integrating the general expression for the moment area between 
the limits and but this introduction the calculus troublesome 
many and often avoided wherever possible. Another method finding 
BCDB, and then find each area separately. The area the trape- 
zoid, readily found. The area under the curve, may 
determined finding the value the ordinate, the mid-point 
between and and, considering this the mid-ordinate parabolic 
curve spanning the horizontal distance, the area will then equal 
two-thirds the product times (see Fig. 40(c)). Referring Fig. 


and Areas 144 


apparent that the work involved considerably more than that incurred 
the solution the shear-area method. the values and are 
certain identical, both representing the end slope the same simple 
beam, the shear-area method obviously much the easier and quicker method 
and, the same time, because its simplicity, much less liable error than 
the solution the conjugate beam method. 

the values the moment areas are known (as they now are this 
problem) there very little choose from the two methods far 
the determination the maximum deflection the center the beam 
concerned. method involves about equal amount numerical 
work, although the determination the static moments the moment areas 
the case the conjugate beam may preferred some the solution 
for the moments inertia the shear areas the case the shear-area 
method. For example, the shear-area method: 


Ymax 


000 
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and, the conjugate beam method: 


088 000 
the determination the deflection any intermediate point, such 
Point Fig. 41, that the advantage the shear-area principle becomes 
apparent. 


100 Ib per ft 


6220800 


Fic. ANY POINT THE BEAM 


finding the static moments about Point the moment areas 
the conjugate beam method, recourse must again made the calculus 
for the moment the area between Points and (see Fig. 40(c)). The gen- 
eral expression for the moment the moment area must integrated between 
the limits and (see Figs. 40(c) and 41). inspection the follow- 
ing computations plainly shows the relative simplicity the solution 
the shear-area method over that the conjugate beam method: 

the shear-area method (see Fig. 40(b)): 


220 800 


43 


the conjugate beam method: 


991 
x 
R= 600 
« 
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single method analysis can claimed superior all others for 
the solution all problems. Certain methods are more readily applied 
certain types problems and, therefore, are preferred over all others 
for these specific types. The shear-area method thus supplies one more pos- 
sible tool which, when used judiciously, can real service. The authors 
are commended for bringing this method analysis the attention 
the Engineering Profession. 


Jun. Am. Soc. (by use the shear- 
area method most advantageous, the authors state, for problems involving 
distributed load. Where the load uniformly distributed over entire span 
lengths—that is, where the moment diagram includes full parabola—it 
appears that the method offers advantages over the moment-area methods 
because the properties parabolic half-segments are well known. For uni- 
formly distributed loads occurring patches, however, that the moment 
diagram includes parts parabolas, the location the vertices which 
not apparent inspection, the shear-area method affords simpler solution. 

The equation for deflection direct and simple use. the beam 
fixed-ended and the end slopes are known, the solution rapid. the beam 
simply supported that the end slopes are not known, should em- 
phasized that, although they are easily determined for specific cases the 
formulas proposed the authors, their derivation inherently less direct 
than the process obtaining the reactions the conjugate beam. Much 
the advantage the shear-area method lost this case because this 
obtaining end slopes, particularly the computer does not have 
the aforementioned formulas available. 


a 
100 Ib per ft 


Fic. 42. 


will noticed, however, that very direct means computing the 
end slopes for simply supported beams found the method, suggested 
the authors, investigating the loading directly. The deflection formula, 
Equation (95), will reduce to: 


for simple supports. When written for point support, where 


which may solved immediately for the end slope, numerical example 
given for illustration. 


dit 
tic 
m: 
ca 
0) 
Zi 
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order solve for the deflection any point the beam shown 
Fig. 42, necessary know one the end slopes, say Equation (30), 
25500. If, however, instead Equation (30) the loading used 
directly, the expression for the deflection the right-hand end, using Equa- 


R 3 


333 


from which 500. 


mathematical exercise presented this paper. The principle which makes 
the shear-area method possible the same that which makes the conjugate 
beam elastic weight method possible, namely, Fig. each curve 
the integral the one above it. This principle illustrated more simply 
drawing the loading, shear, moment, slope, and deflection curves for 
cantilever beam using the free end the origin, thereby eliminating the 
effect which the reaction has the shear curve. 

connection with these integrations, usually performed for specific 
loading, interest note that the shear and moment either the 
cantilever beam the simple beam are governed forces and distances 
one side only the point distance, from the origin. The slope and 
deflection, however, are affected the length the entire beam and the 
loading both sides the point distance, line with this physical 
condition the integrations from load shear and shear moment are not 
affected the valuation constants integration, these constants being 
zero, but the integrations from moment slope and from slope deflection 
require the evaluation and use constants integration which are dependent 
the entire length the beam. The authors’ treatment Fig. involves 
loading which general rather than specific, thereby leading two term 
expressions for the slope and the deflection with constants integration 
that equal zero. 

The one obvious advantage which the shear-area method offers com- 
parison with methods analysis based moment areas that, for beams 
with uniformly distributed loads, the shear areas are bounded straight 
lines, whereas with moment areas parabolic boundary line involved. 
computer with meager knowledge geometry the straight-line figure offers 
advantage. The properties parabolic moment diagrams are simple, 
however, and easily remembered, that any one whose professional practice 
includes structural engineering can hold them mind, and their use can 
solve beam problems with less work than the methods set forth this paper. 

illustration, the fact that the parabola cuts the rectangle Fig. 
into upper and lower area equal, respectively, two-thirds and one-third 


Structural Design, City Los Angeles, Los Angeles, Calif. 
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the area the rectangle, and that the centers gravity these areas 
are located shown, should not tax the memory engineer. Even 
forgotten, the integrations obtain these areas and distances are easier than 
such integrations that Equation (10) and various subsequent integrations 
the paper. 


Uniform Load, w, in Lb per Ft 


Center of 
Gravity 


TRAVERSE DIAGRAM 
43. 


Using these parabolic areas and the principle that the change direction 
the tangent between two points the elastic curve equal the area 


between the two corresponding points the analysis 


beams with uniformly distributed loads can performed more rapidly and 
more satisfactorily than the method set forth the authors. For example, 
the moment-area method, the traverse method illustrated 
Fig. 44(b),” the deflection the center simple beam uniformly loaded is: 


4 
This certainly simpler treatment than the procedure indicated the 
authors’ Equations (10) and (11). fact, their derivation this maximum 
deflection appears more tortuous than the usual double integration the 
bending-moment equation taught most treatises applied mechanics. 
inherent difficulty the general use the shear-area method for the 
analysis continuous frames that the shear curve one step too far 
removed from the curve deflections, and the analysis continuous frames 
dependent great extent upon equating deflections certain points 
each other, zero. The slope one step closer the shear curve, and 
since the theorem three moments derived equating slopes over supports, 
practicable use the shear-area method derive set forth the 
paper. 
practical tool for the analysis structures, appears that the 
pect the shear-area method gain recognition not encouraging. 


“For explanation Fig. see “An Improved Method Finding Beam 
Engineering, February, 1934. 
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close examination and comparison with other methods, 
the writers have been unable discover any advantages favor the so- 
called “shear-area method.” With little effort easy understand why 
the modified moment diagram was chosen elastic load diagram solv- 
ing for deflections. one moves down the list curves from the moment 
toward the actual load curve, the modification becomes more and more com- 


plex. For example, for the moment diagram, used; for the shear dia- 


the reader doubts the increasing difficulty using 

these expressions, let him try example and convinced. 

Another misleading inference the paper suggests that the second 
moment the modified shear area easier find than the first moment 
the moment area. This conclusion inaccurate, course, because 
the two cases the integrations are comparable. For use with the conjugate 
beam method the writers have long used simple table areas and locations 
centroids cases where only deflections particular points are desired. 
Such expedient would equally necessary and useful regard the 
shear-area method. 

The authors have placed great emphasis upon the ease finding the slopes 
this method and the merit having “eliminated” the moment curve. 
Compare the usefulness these two curves and then decide which should 
omitted. the conjugate beam method the most used curve employed 
whereas the least used curve not used. the shear-area method the valu- 
able moment curve not used and apparent emphasis laid the less 
important slope curve. 

The method does not seem readily adaptable any but the most 
simple beam problems such statically determinate, constant section cases 
with uniformly distributed load. The writers have been unable find one 
case which the procedure could applied more easily than some other 
one. the practicing engineer the method offers nothing that 
cient value investigate does not improve upon the methods now use. 
However, the paper were more complete, and included genuine derivation 
the principles, would interest students, since calls attention 
the second-moment and third-moment principles. 

Fig. the authors have ostensibly set out show the relation between 
beam diagrams. doing they start with the load diagram calculus 
curve and attempt proceed from one curve another means 
integration. 

Since extremely simple case was chosen, unfortunate that the 
equations were not shown mathematically complete. Some the constants 


Junior Engr., Bureau Reclamation, Denver, Colo. 
Junior Engr., Bureau Reclamation, Denver, Colo. 
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integration are shown and others are omitted. necessary show 
constant integration each equation involving the solution integral, 


deriving the equations the shear and moment curves the origin 
the left end; this likewise true the first parts Equations (6) and (7), 
expressing the slope and deflection. The second parts Equations (6) and 
(7) are based the first-moment and second-moment principles, respectively, 
and the origins are any variable point, Thus, avoid confusion, the 
occurring with under the integral sign might well expressed 
another variable since its origin not the left end. Space does not per- 
mit discussion all the authors’ examples, but the same types omissions 
and inconsistencies, mentioned connection with Fig. and Equations (4) 
(7), inclusive, appear throughout. 

Although not the chief the authors’ paper, the writers present 
simple and consistent method showing beam diagrams. The successive 
curves bear the proper mathematical relationships and the sign conventions 
are logical. The calculus relationships can expressed two simple rules: 
(a) The slope any point curve equal the ordinate the corre- 
sponding point the derived curve; and, (b) the difference between the ordi- 
nates any two points curve equal the area under the derived 
curve between the two corresponding points. 

These two rules not establish the starting point the higher degree 
curve; this point determined from the constant integration which 
fixed physical considerations and often referred the initial con- 
dition. The equations the beam diagrams and the sign conventions are, 
follows: 


(1) Loading (positive when acting 


(2) Shear (positive when acting upward the part the beam the 
right the cut; imaginary cut helps visualize internal shears) 


(3) Moment (positive when the are 

(4) Slope (positive when deflection rises from left right): 


(5) Deflection (positive when upward from the original position) 
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order keep Equations (171) (175) general, all terms are shown posi- 
tive. Therefore, algebraic signs must included numerical substitutions, 
which the usual practice mathematics. 


Loading B 


CURVE 


x, 


(2) BEAM SKETCH 


Origin 


(6) LOAD 


SHEAR 


CURVE NO. 


x, 


MOMENT 


(e) SLOPE 


DEFLECTION 


Fic. 45.—Beam Fie. 46.— 
CURVES. 


This procedure, applied the example Fig. shown Fig. 45. 
Fig. 45(a) sketch the beam showing external loads and restraints. Figs. 
45(b) 45(f) show series beam diagrams from load curve deflection 
curve, inclusive. Note that, consistent with the foregoing sign convention, 
the load curve, Fig. 45(b), drawn below the X-axis, since downward acting 
load negative. The reason for such sign convention show better the 
mathematical relationships between the load and shear curves. impor- 
tant that the sketch the beam, showing loading and restraints, not con- 
fused with the load curve. The Cartesian co-ordinate system, with origin 


+x, 
CURVE NO. 
CURVE 
x, 
+7, 
q 
CURVE NO. 
x, 
Yea 
) +%, 
e 
CURVE NO. 
Yes 
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the left end throughout, used this method. Values are positive when 
measured above, and negative when measured below, the X-axis. 

Since Equations (4) (7), inclusive, are incomplete, and not contain 
proof the principles involved, the writers will derive them mathe- 
matical laws that are not limited beams alone. 

The First-Moment special application the first-moment 
principle beams called Mohr’s second law; conjugate beam method; and 
moment-area principle. Another application beams may called 
the shear-area method, Part general application, using different terms, 
sometimes called the third law derived curves. Referring Fig. 46, 
let the equation Curve No. be: 


Integrating Equation (176), the equation Curve No. obtained; thus: 


Ys = Yaa +f 


Note that instead taking the constant integration the origin and 
starting the integration from there, the constant taken Point (Fig. 46), 
and the integration starts from that point. This done order remove 
any doubt about the universal truth the law derived. 


Integrating again, the equation Curve No. obtained: 


a a a 


Rewriting Equation (178) with the order integration reversed: 


a a Zz1 


now possible perform the first 


Substituting for 


which the first-moment principle, so-called because the integral involves 

the first moment area. comparable the second part Equa- 

tion (6). 

Equation (181) may translated into words, follows: there are three 
curves, Nos. and that are related that Curve No. obtained 
integration Curve No. and Curve No. integration Curve No. 
(or vice versa differentiation), then Curves Nos. and may 
treated manner similar load, shear, and moment curves; that is, the 


wil 
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ordinate any point Curve No. may obtained from Curve No. 
that point and setting the sum moments equal zero. 
course, Curve No. must placed equilibrium, consistent with known 
conditions the other related curves. This illustrated Fig. 47. The 


47.—EQUILIBRIUM SKETCH MOMENT PRINCIPLE 


various quantities occurring Equation (181) should then interpreted 
arm the differential load about Point and moment Point 

The Second-Moment special application the second-moment 
principle beams may called shear-area method, Part (moment 
inertia shear diagram). Referring Fig. 46, the equation Curve No. 
obtained integration Equation (180): 


Rewriting Equation (182) with the order integration reversed: 


a 
a 


now possible perform the first integration; thus: 


} 
1 
7 
d 
y 
dx, 
) y 
24 
’ 
2 4 


1000 JOHNSON AND BIRKELAND THE SHEAR-AREA METHOD 


Substituting for 


a 


which the second-moment principle, so-called because the integral involves 
the second moment area. comparable Equations (7), (92), and 
(94). must remembered that the four are consecutive. 

The Third-Moment and Fourth-Moment the deri- 
vation beyond the second-moment principle, and using the same procedure, 
the following equation obtained, 


which the third-moment principle, and which comparable Equations 
(93) and (95). understood that the five curves are consecutive. Similarly, 


which the fourth-moment principle. The six curves involved must 
consecutive. This procedure may extended obtain any desired moment 
principle. 

Discussion the Moment the first, second, third, and 
fourth-moment principles, represented Equations (181), (185), (186), 
and (187), respectively, the following points may noted: 

(1) The first-moment principle the only one the group that lends 
itself use connection with equilibrium sketch, because the numerical 
coefficients all terms are unity (1.0) this one case only; and, 

(2) problem, which ordinary procedures would involve multiple 
integration, has been reduced one with single integration. well 
note that the intermediate curve curves are not entirely eliminated since 
the constants integration all these curves are used, and, therefore, must 
evaluated. 

solving problem beam diagrams, choice must made between 
the following procedures: (1) apply series successive, straight inte- 
grations obtain the equations all curves; (2) apply the first moment 
principle, repeatedly necessary and desired, along with such successive 
integrations are necessary determine the constants integration the 
intermediate curves; and, (3) apply the second higher moment principle, 
along with the first-moment principle and successive integrations determine 
the constants integration the intermediate curves. 
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futile, course, say that one procedure better than the others, 
for one must bear mind the possible complications accompanying the 
moment principles. 


Garrett (by will many who 
recognize this paper another approach the solution beams; but 
certainly not remiss search deeper and recognize another emphasis the 
mathematical fundamentals elasticity. 

Consider the familiar expression the calculus: 


which, with limits, becomes, 


but F(b) the ordinate the integral curve and F(a) the 
ordinate which leads the statement which the basis graph- 
ical integration: 

The area under the derived curve between any two ordinates equal 


numerically the difference between the corresponding ordinates the 
integral curve. 


Assumptions (3), (4), and (5) the paper are consequence the fore- 
going mathematical statement. 

Papers such this contribute broader viewpoint the geometry 
statics. not sufficient that designers able apply the so-called laws 
mechanics without the facility visualizing just what happens 
beam other structure. The shear-area method provides another approach 
that visualization. 

Thus, the structural engineer able express the so-called mathematical 
principles ordinary language. Shear being the sum all the forces and 
the moment the sum these forces times their distances from any given 
point, the point moved short distance the moment will increased 
the shear times the distance. addition, the rate change the shear 
the unit intensity the load. 

other words, there are loads beam, the shear across the beam 
constant and the moment curve straight line. all the loads any 
span are the same direction the shear that span either has the same 
sign all points changes sign one point the span. Furthermore, the 
moment curve has continuous slope one direction changes direction 
slope one point. 

This geometrical conception the action any structure funda- 
mental, not only statically determinate, but statically indeterminate, 
structures. has been stated that structure does not fail, holds 
together. that true, continuity requires that there certain geometric 
between its parts. 


Asst Prof. Mathematics, Oklahoma Agri. and Mech. Coll., Okla. 
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These physical interpretations mathematical statements should 
stressed more and more students. true that, often, teacher 
mechanics uses his integral calculus with disregard for the true mathemat- 
ical correctness his juggling; but teachers mathematics far too often 
advance mathematical laws without any effort establish link the mind 
the student with the more concrete evidences their universal application, 
The authors have presented another demonstration the relationship between 
derived curves and their integrals, and also have added the geometrical 
analysis the elastic functions beams. 


writers “engineering problems” texts have stated the general mathematical 
law which the moment-area method and the shear-area method are special 
cases. one text™ appears the statement that: 


“In any curve, the length the ordinate from the tangent the curve 
any point (called the first point) any other point the curve (called 
the second point) equals the algebraic sum the moments the areas 
between the ordinates the corresponding points the second lower curve, 
moments being taken about the ordinate through the second point.” 


Because this general law has such significance for engineers, one might 
expect find stated some calculus text also. The writer has never seen 
explicit statement it, however, the texts with which familiar. 
curious know, simply for purposes information, whether the 
authors have ever encountered any mathematical text. 
calculus for engineers could well afford give the general law more emphasis. 

The special application this law the moment-area theorems Mohr 
and Green familiar many engineers. The application via the shear-area 
concept the authors not well known. That not strange when one 
realizes that, college, the embryo engineer usually introduced the 
double integration method finding beam deflections, method which begins 
expressing the relationship between curvature and moment the familiar 


equation, 

solving this equation find slopes and deflections. then, many 
places, exposed the moment-area method (often cluttered with 
imposing title) which parallels the calculus method, but which fortunately 
places the emphasis upon geometrical concepts. 

teaching the subject deflections, the writer always portrays, 
metrically, the five curves load, shear, moment (or curvatures), slope, and 
similar those shown Fig. but supplements these with 
cally from curvature beams deflections beams. Since curvature 
point expressed terms the moment the same point, the moment- 
area method has some physical significance for the student. does not 


performs the calculus operations involved 


Assoc. Prof. Structural Eng. and Mechanics, Coll. Eng., Univ. Iowa, lowa 
City, Iowa. 
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seem quite satisfactory reason from the rate change curvature 
the slope the beam and then deflection, even though some cases 
may simpler evaluate triangular shear area rather than curved 
moment area. 

the classroom, every teacher confronted with the task selecting the 
minimum essentials this age voluminous theory and with the importance 
making those essentials clear the student; hence, advisable, particu- 
larly undergraduate work, give the student the best possible tool and 
make him familiar with that tool, rather than give him nodding acquain- 
tance with variety tools which have the same purpose. 

This not construed depreciation the authors’ paper. They 
have performed service presenting this special concept. Such contribu- 
tions give the members the profession opportunity weigh and then 
select that which best suited for particular needs. 


Assoc. Am. Soc. (by applying the 
principle moment areas determine the slope and deflection beams 
under flexure, two different methods are available. One the so-called slope- 
deviation method introduced Professor Charles the Uni- 
versity Michigan, and the other the elastic-weight conjugate-beam 
Professors Otto Mohr”, and 

the slope-deviation method, the following two well-known theorems 
apply when beam with varying moment inertia subjected bending: 


angle between the tangents drawn any two points the elastic 


curve numerically equal the area the -diagram between the 
ordinates the two points; and, 

2.—The deviation any point from the tangent drawn any other point 
the elastic curve numerically equal the moment the area the 


-diagram between the ordinates the two points about the first point. 


The foregoing two theorems have proved very useful for determining the 
slope and deflection beams, particularly when the point zero slope 
the elastic curve known easily found the case cantilever beam 
beam supported and loaded symmetrically. the shear-area method, 
such simple and elegant relationships exist the shear-area and the 
slope and deflection the case the moment-area method. Such relation- 
ships these are prone complicated and cumbersome have 


Structural Eng., Dept. Civ. Eng., National Tsing Hua Univ., Peiping, 


Michigan Technic, June, 1910. 


Beams the Conjugate Beam Journal, Western Soc. 
Engrs., Vol. 26 (1921), p. 369 


zur Theorie der Holz-und Zeitschrift Arch. Ing. 


zur Theorle des Zeitschrift Arch. Ing. 
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practical value. The authors are commended for developing the 
method, not along the line the slope-deviation theory, but along the line 
the conjugate-beam theory (or “mathematical” beam, named the 
authors). 

Although the foregoing discussion illustrates one the disadvantages 
shear-area method compared with the moment-area method, the use 
the mathematical beam not entirely satisfactory. the conjugate-beam 
method moment areas, the slope and deflection any section given 
beam corresponds (and also equals), the shear and moment, respectively, 


the same section the conjugate beam loaded with the diagram 


the given beam, provided the supporting conditions the conjugate beam 
have been properly chosen accordance with those the given beam. For 
instance, the given beam has fixed support certain end, which 
both the slope and deflection equal zero, the same end the conjugate beam 
must supported have both the shear and moment equal zero; 
that is, the end must free. Table gives the proper supporting conditions 
for conjugate beam corresponding those the given beam. (The notation 


TABLE ror THE Bram 
Metuop) 


REAL BEAM CONJUGATE BEAM 


Continuous 


Continuous 


that the paper.) With the supporting conditions for the conjugate beam 
properly chosen accordance with Table the shear and bending moment 
the conjugate beam will identical with the slope and deflec- 
tion curves, respectively, the given beam, not only magnitude, but also 
sign proper sign convention has been adopted. 

The solution very simple and straightforward, and the same procedure 
equally applicable beams with any supporting conditions and with the 
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moment inertia varying any manner. special devices such 
the arbitrary introduction two concentrated loads for the abrupt change 
moment inertia (Fig. 10) the shear-area method are necessary. 

the shear-area method, the shear, bending moment, and slope any 
section the mathematical beam represent, respectively, the bending 
slope, and deflection the section the real beam. stated the authors 
Assumption (6), the supporting conditions the mathematical beam must 
determined accordance with those the real beam the same manner 
the moment-area method. The writer has made study this phase 
the problem the results which are presented Table 


(Tue 


REAL BEAM MATHEMATICAL BEAM 


a 


2 | Free ? ? 
Fixed at 
| e=0 | 


——_+ 


5 Hinge | M Two Rollers 
| 1} 


Continuous 


noted that the writer has failed find the proper supporting 
condition for the mathematical beam (indicated interrogation points 
Table correspond with both the fixed and free ends the real beam, 
since seems impossible devise end-supporting condition with any 
physical meaning which both the bending moment and slope will equal 
zero not equal zero the same time. The authors have used free 
end for the mathematical beam correspond the fixed end the real 
beam, and versa, shown Figs. and This incorrect. Accord- 
ing Assumption (5) the paper, “the slope any section the mathe- 
matical beam represents the deflection the same section the real beam.” 
the free end the mathematical beam the slope not equal zero; 
therefore, the fixed end the real beam, the deflection likwise must not 
equal zero, which just opposite the actual condition fixed end. 

Similar inconsistencies may cited against the authors’ use the fixed 
end for the mathematical beam correspond both the free and the simply 
supported end the real beam. When the real beam has simply supported 


1 | 
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beam must supported two rollers vertical plane, shown Table 
any value can assigned, arbitrarily, the shear, moment, and slope any 
support the mathematical beam, such procedure will not only make mean- 
ingless the various types conventional supports for the mathematical beam 
and the real beam, but will also cause serious confusion the application 
the method. 

The conjugate-beam method moment areas based upon the similarity 
between the following two sets well-known equations: 


and, 


and, 


for finding the slope and deflection being the same. Similarly, the mathe- 
matical beam method shear areas based upon the similarity between the 
following three sets well-known equations: 


and, 


3 

Hence, the loading the mathematical beam for finding the bending moment 

and deflection the V-diagram only, and that for finding the slope the 


diagram, the loading the mathematical beam for the three cases being 
thus not the same. this connection, may also noted that Assump- 
tion (2) not well founded, and that, the V-diagram only used load- 
ing, the shear and slope any section the mathematical beam will not 
only “represent”, but will also numerically equal, respectively, the 
bending moment and the deflection the same section the real beam. 

Thus, despite the slight advantage that the shear diagram usually 
somewhat simpler figure than the moment diagram for the same loading, 
the shear-area method has many inherent disadvantages compared with the 
moment-area method. 


ig 
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Am. Soc. (by letter)—In their attempt 
popularize the shear-area method analyzing beams, the authors have not 
presented very convincing claim for simplicity. Although true that 
shear diagrams are more easily drawn than moment diagrams, does not 
follow that the former afford any material advantages over the latter 
solving structural problems. Slopes and deflections are more directly derivable 
from moments than from shears, for which reason the shear-area method has 
not received much consideration. 

the stress analysis simple beams frames involving redundancy, 


the stresses are always evaluated from the moments the critical sections 


analyzed. Therefore, the simplest and most direct method approach 
deal with moments first, last, and The derivation shears from 
known moments relatively easy, whereas the reverse operation attended 
with more difficulty. The slope the elastic curve can deduced from the 
moment curve the method area moments, without resorting shear 
areas, remembering that the slope any point moment curve 
represented the moment derivative for that point. This expressed 
mathematical terms the formula, 


(190) 


which the moment any point, acting over small increment 


beam length, dz, and the slope angle the moment curve; but 


the shear the point, where the moment taken. 

area moments, the deflection, ym, the point, equal the moment 
the elastic weights, dz, about the point, divided EJ. Therefore, 
the shear the elastic weights one side the point, divided 
must equal the tangent the slope angle the elastic curve the point, 
should noted that the elastic weights for negative moment areas are 
likewise negative. 

the same reasoning, the tangent the slope angle the elastic curve 
any end support, must equal the end shear the moment area, the 
end reaction the elastic weights divided calling 
the shear the elastic weights one side the point, any beam, and 
the end reaction the elastic weights the support, the tangent 
the slope angle, ¢m, the elastic curve the point, becomes: 


and the end slope the support, becomes: 


Structural Engr., Procurement Div., Public Works Branch, Treasury Dept., 


Washington, D. C 
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(191) and (192) are applicable either the graphic the 
analytic methods area moments. When the moment inertia variable, 


the elastic weights should chosen instead dz. 


regrettable that the authors introduced the term “mathematical beam” 
without giving precise definition, and also that they referred what they 
term the conjugate beam method instead simply the method elastic 
weights. seems inconsistent attach qualifying terms the beam itself, 
merely because may loaded either with actual loads, with moment areas, 
with shear areas treated elastic weights. More properly, the distinction 
should relate the method loading and not the nature the beams, 
which remains unchanged. 

The authors have wisely limited their application the shear-area method 
beams. dealing with rigid frames, the method could scarcely find favor 
when compared with the universal and elegant solution afforded the use 
Mohr’s work equation. 


(by well-known theorem which 
states that the shear diagram may obtained the successive derivatives 
the elastic curve, the basis this paper. The theory beams elas- 
tic foundations based the principle that fourth derivative the elastic 
curve gives the loading diagram. The authors give the value the successive 
derivatives Fig. the paper, making the implicit assumption that the 
moment inertia constant. This assumption not necessary. quite 
easy obtain the curve starting from the loading diagram when the 


El, 
M, = El, = and, = Pz 
dx dx dx 


This suggestion for developing the indicates how the equation 
the elastic curve may solved the general case variable moment 
inertia. 

The variable loading tapered beam shown Fig. 48(a); the first 
integration yields the shear diagram (Fig. and, the second integration 
results the moment diagram (Fig. 48(c)). the latter curve divided 
the product, successive ordinates the resulting curve represents the 
M-function (Fig. 48(d)) which, when integrated, produces, successively, 
the slope curve (Fig. 48(e)) and the deflection curve (Fig. 48(f)). 

also interest show the results deriving the diagram moments 
when the elastic beam curved one. Suppose, first, that there are forces 
applied the element, (Fig. 49), which then kept equilibrium 


* Asst. in Univ. of Liége, Liége, Belgium. 
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for 


48. 49. 
Since the element, ds, very small: cos sin and, 
a — = 
The coefficient, may eliminated using derivative with respect 
Ts 
the variable, instead the variable, With this elementary change: 
which the moment curve can derived successively. Assuming that ys: 
+ 
dg dg"! 
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The foregoing properties the successive derivatives may yield results 
particular interest the study influence lines. 

When external forces occur the section beam analyzed the com- 
ponents along the normal the tangent appear the equations equi- 
librium. These components are easily introduced, and, the case radial 
forces, special and simple results are obtained. 


JuN. Am. (by shear-area method was pre- 
sented enlarge the usual methods for the solution slopes and deflec- 
tions beams. was stated that the method was particularly adapted 
those problems which involve distributed loads (when compared with solutions 
the moment-area method) and still would solve other problems readily. 
Solutions which consider variation the moment inertia the beam 
tions are probably obtained with greater degree safety the moment-area 
method. 

Since appears that the engineer remembers the procedure for the solu- 
tion the conjugate beam for slopes and deflections better than the slope- 
deviation method, the mathematical beam was introduced. 

most cases the tendency the commentators has been follow the 
very well known and common solutions moment area and not discuss 
the subject question. Discussions simple problems the moment-area 
method need further comment. contrast, Professor Kepner 
with few others has added materially the subject. 

The end slopes the shaft indicated Mr. Fischer may solved 
writing deflection equations about the ends the shaft; thus, about the right 


and Fischer has indicated similar procedure letter. 


This method shortens the problem the shear-area method considerably. The 
difficulty Mr. Peck’s problem can overcome the same manner. 

The writers wish express their appreciation for the constructive criticism 
offered Professor Kepner, especially for demonstrating, the use Equa- 
tion (7), short method for obtaining end slopes. correspondence sub- 
mitted directly the writers, Mr. Stewart suggested the following for the 
problem solved the conjugate beam method Mr. Beatty’s discussion: 


Asst.. Prof. Mechanics, Rensselaer Polytechnic Inst., Troy, 
Dept. Civ. Eng., Rensselaer Polytechnic Inst., Troy, 
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evident that the solution for the reaction can given somewhat 
simpler manner than that indicated Mr. Beatty considering the area 
BCDGB (Fig. 40(c)) two-thirds rectangle with dimensions, 
and GD. 

the discussion Messrs. Johnson and Birkeland inferred that 
there difference the work necessary solve the first moment the 
moment area, the second moment the shear area, because the two 
the integrations are comparable. This inference not supportable 
except deriving the two cases, since the use the cases not integra- 
tion directly, but replacing the integration with equivalent expressions. 
The mathematical demonstrations given, showing the relations between the 
functions very complete, but the following formula, due Lejeune 


Dirichlet 


necessary the solutions shown, not common enough engineers use 
without some explanation. more emphasis had been given specific cases 
the following statement would have been considerably modified: “The method 
does not seem readily adaptable any but the most simple beam prob- 
lems such statically determinate, constant section cases with uniformly 
distributed load.” 

Most the apparent difficulties encountered Professor Tsai will 
clarified recalled that the mathematical beam hypothetical and has 
slope with deflection. The loading the mathematical beam the shear 
diagram; the first moment yields the slope the given beam only when 
divided and the second moment moment inertia gives deflection 
the original beam only when divided This means that for the 
two cases mentioned, the diagram the beam can considered the shear 
divided 
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Paper No. 1944 


FLOOD-STAGE RECORDS THE RIVER NILE 


The need for longer hydrographic records than are now available 
American streams, disclosed recent investigations dealing with floods 
and their various characteristics, has led the writer study the records 
foreign rivers. The paper affords only brief summary outstanding 
records evidences regarding stream-flow trends European and Asiatic 
rivers, and then undertakes the presentation stages the Nile River 
the Roda gauge, Cairo, Egypt, covering period thirteen centuries. 
Additional data, such those procured Aswan, dealing with both stages 
and volumes, and various versions divergent data, are added make the 
graphic representation nearly complete practicable one continuous 
chart. attempt made this time evaluate the data, they are too 
numerous and complex permit ready appraisals. The main purpose 
presentation records, some kind derivation from actual observations, 
preliminary further study the profession. 


GENERAL CONSIDERATIONS 

The study flood frequencies and magnitudes the United States Geo- 
logical Survey collaboration with, and under the sponsorship of, the 
Mississippi Valley Committee and its successor, the National Resources Board 
(Water Planning Committee), has advanced some interesting information 
relating long-period records river stages. These records were investi- 
gated with view furnishing background for the interpretation avail- 
able hydrographic records the United States, most them covering 
relatively short periods. 


August, 1935, Proceedings. 
1Hydr. Engr., Soil Conservation Service, Washington, D. C. 
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few American flood records extend intermittently into the Colonial era 
—notably the Ohio River, Pittsburgh, Pa., and the James, Roanoke, Dela- 
ware, Mississippi, and other rivers near tide-water. this manner 
sketchy and somewhat uncertain notion may derived the comparative 
river stages, the corresponding discharges, where the channel sections and 
controls have not changed materially; but best period only about 200 
may thus covered this country from written records satisfac- 
torily authenticated marks. 

The study drift débris deposits, the heights mounds distributed 
along the flood-plains rivers and presumably intended islands refuge 
(as the Lower Mississippi and the Nile Delta), the character trees 
and other vegetation along various contours, the evidences either channel 
scouring filling, and consideration other prominent geologic 
features may add significant items information relating the 
floods the past, possibly within few hundred years. 

What can said more definitely such floods have left their marks, 
and similar contemporaneous events equal importance that have left 
physical effects record marks clear enough for recognition and separate 
interpretation? Some investigators have expressed the opinion that con- 
tinuous record stages large stream, over period 500 1000 yr, 
for example, might indicate more definitely the trends and other 
recurrent periods stages above below normal than several shorter records 
equal greater aggregate length. Before such long-period records for- 
eign streams can serve useful purpose most effectively, account must 
taken the differences physical factors affecting run-off habits. This 
applies particularly the present study, which concerns flood frequencies 
and magnitudes, those influences that would either retard, accelerate, aug- 
ment, dissipate, otherwise change, the discharge habits the stream 
modify the discharge capacity the channel. Thus, the regimen river 
may affected by: (a) Changes the vegetative cover drainage area; 
(b) erosion; (c) decrease natural artificial storage either 
basins flood-plains; (d) diversion other drainage basins 
either natural artificial means; (e) restriction the river channel levees; 
(f) facilitation flow dredging and removal obstructions; 
formation abandonment auxiliary channels and by-pass areas. 
Furthermore, any one Items (a) (g) likely interfere with satis- 
factory interpretation records. 

What more important, available human experience often capable 
making fairly intelligent approximations such influences, as, for example, 
recognizing that one factor may additive, another may subtractive, 
and the algebraic sum may small amount. Thus, has been shown 
for several stations large foreign rivers, and the Upper Mississippi 
River, that the dredging bars, removal snags and other obstructions, 
rectification alignment, and improvement the elements the 
channel, tend lower the river surface; whereas channei encroachments and 
the development and protection great areas among the natural flood-plains 
cause corresponding rise stage. The actual effect the resulting differ- 
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ence these two factors, normally lowering the stages low water and 
raising the stages high water, the net effect being increase the range 
variation stages, except where regulation works are used produce 
opposite effects. 


Among the rivers Europe, the Thames, the Seine, the Rhine, the 
the Loire, the Po, and the Danube seem afford the best information. 
realized that the progressive changes which these river channels and drainage 
systems have undergone may vitiate, more the close comparability 
stages indexes flood magnitudes over long periods; nevertheless, the 
study outstanding flood should afford valuable record 
experience. The floods the the Loire, and the Seine Rivers the 
years 563, 572, and 583 D., respectively, have been described briefly 
available records. Thereafter, about 1000 later, the published frag- 
mentary data are qualitative rather than quantitative; certain outstanding 
inundations, which were equal worse than others, are designated date 
year The usual standards for comparison seem have 
been based loss life and damage property, and this connection the 
suddenness flood rise without warning played prominent part; therefore, 
the floods unusual unexpected seasons would naturally 

Within the last 300 the quantitative magnitude relations floods 
have entered into the records European streams. Thus, the foregoing refer- 
ences, together with those listed show that the flood the 
Seine River Valley January 28, 1910, and that February 27, 1658, 
Paris, were approximately the same stage (8.40 and 8.81 27.6 
and 28.9 ft, respectively, above the zero the Pont and that 
the maximum estimated discharges were similar order (88 300 and 
per sec, respectively). The greater volume and lesser gauge height thus 
applied the flood crest 1910. other floods the Seine during 
period nearly 300 approached within 15% the maximum recorded 
for 1910. The catastrophic occurrences during the period, 683 1658, D., 
probably included several nearly the same order, judge from descriptive 
accounts complete submergence homes, undermining bridges and 
other structures, and general devastation, including the demolition fortifi- 
walls during the flood and the accompanying earthquake. The 
tion naturally arises whether the recorded earth tremors were the cause 
the effect the structural collapse. 

The year 1012 D., witnessed intense rainfall and the “great flood” the 
Danube River Vienna; likewise, along the River Rhine, homes were inun- 
dated, and multitude people and their live stock were destroyed. The 


granhic, 1928-29: “Les inondations en France.” par Maurice Champanion. 6 vol.. Paris, 
1858-64 (deals with flood events from the Sixth Century to 1862): “Forests and Floods,” 
by the late H. M. Chittenden. M. Am. Soc, C. E., Engineering Newa. October 29, 1998, 
Anstrian Government Dienst Osterreich: Hydrographic 
Heft pp. 155-162. Wien. “Le Seine.” par Inspector 
with 1649): and Engineering Vol. 63. 327. 
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margins forests intruding into the flood-plains were wiped out during 
catastrophe that was without parallel all the preceding history that 
region. Prior 1012 D., present times, the sub-normal river stages 
successive years created false sense security that left the people unpre- 
pared for the eventual torrent. 

The Danube flood was reported have caused the loss 
human lives. the flood 1501 the Danube several marks were estab- 
lished monuments and are still preserved permanent records. Compari- 
son this event with another devastating flood, 1899, fourteen stations 
the same valley, shows that the range above low-water stage was 7.24 
16.58 (23.8 54.4 ft) 1501 and only 6.52 13.18 (21.4 43.2 ft) 
1899, the lower stages perhaps being due part channel improvements 
the interest navigation. 

The scattered references early records show that flood heights above 
either normal low-water stages are nearly comparable with those later 
centuries give support the opinion that radical progressive changes 
intensities frequencies floods and droughts have taken place his- 
toric times any extensive river systems, except logical consequences 
regulation, diversion, utilization, other activities Man. the other 
hand, direct proof available regarding the trends climate and rainfall 
throughout historical periods, such evidence exists being based consid- 
erations other than physical measurements. extending the period con- 
sidered into geologic time, however, indisputably established that marked 
changes both temperature and rainfall have taken place gradual 

Traces irrigation, regulation, channel-training, and flood-protection 
works have survived from early centuries historical epochs various 
civilizations, even from times before the earliest records now available for 
some countries, particularly Asia. These remnants past civilization 
seem supply indisputable proof long-continued similarity climatic, 
rainfall, and run-off habits. The only possible explanation and justification 
for such engineering works must found deficient loca] rainfall and 
reliable stream flow, even when the discharge was flashy and irregular. This 
combination circumstances presumably reflects the occurrence storms 
among the head-waters and intervening catchment areas, the thawing 
snow and ice accumulations. 

The records several Asiatic rivers, although enveloped vagueness, 
extend back remote periods history. Thus, the series irrigation canals 
Mesopotamia, with combined original capacities much greater than the 
reliable flow the Euphrates and Tigris during recent times, not neces- 
sarily betoken shrinkage water supply since they were built. According 
opinions engineers who have studied the situation the new 
canals were established the irrigated tracts under the older projects became 
water-logged and overcharged with alkali, for want systematic drainage, 
often happens under modern practice. The important facts note, however, 


River and Valley,” Francis Rawdon Chesney, 1868 
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are that the rainfall was deficient throughout the historical period Babylon, 
Nineveh, and neighboring cities, and that the rivers were both fairly stable 
and reasonably tractable, permit such bridging, navigation, and diversion 
for irrigation that time. plain that irrigation was found necessary 
raise crops and sustain life that country, and that the rivers were 
fairly reliable sources supply. During the festival November, about 
539 Cyrus, the Persian, captured Babylon the simple expedient 
diverting the Euphrates River into the desert through one more canals 
and marching his troops through the walls along the channel thus made 
available. This feat quite consistent with the known habits and volume 
discharge the Euphrates observed during the Nineteenth Century. 

Confirmatory evidence concerning both the variations and the stabilization 
water resources lies the rainfall records extending back more than 
200 few stations, mainly Europe, and considerably more than 100 
many other places. These records parallel the meager hydrographic records, 
and both sources furnish valuable interrelated and, therefore, mutually 
supporting data. 

Tradition and history combine give descriptive accounts notable 
floods and droughts India and China. The 1930 report the Huai 
River Commission, Bureau lists the floods 1649, 1741, 
1879, and 1921 the outstanding ones this important northern tributary 
the Yangtze River. They were measured indirectly the extent the 
inundation populated land, the total number “districts” inundated being 
reported 11, and 10, respectively, whereas the usual damaging inunda- 
tions affect only such districts. With all available data before it, the 
Commission adopted the flood 1921 the basis for designing the Huai 
River regulation. Presumably, this decision was not entirely due the high 
discharge rate, but also the sustained volume, which was reported having 
noteworthy that the expected 100-yr flood the Huai derived from 
study rainfall, per sec, whereas Fuller’s formula gives only 
11700 per sec. Reduced English units, these rates become 548 000 
and 414000 per sec, respectively, 8.55 and 6.46 per sec per 
mile. The maximum recorded flood discharge, which occurred 1916, was 
900 per sec (455 000 per sec, 7.10 per sec per mile). 
perhaps representing 35-yr average frequency. The failure levees 
during the more severe flood 1921 prevented even approximate measurement 
the maximum discharge. 


freely admitted that the foregoing brief references available long- 
period river-stage records and what these data seem show, should 
supplemented further research this inviting field perhaps separate 
paper. The presentation fairly complete river-stage data, far they 
are now available and capable interpretation, limited herein the Nile 
River, Egypt. (See Fig. 1.) 


Flood Control and Irrigation for the Huai River System,” Official 
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The nilometer records are most notable with respect antiquity, con- 
tinuity, and permanence. The annual inundation the Nile Valley 
the late summer generally supplied enough moisture the soil insure 
fair crops the fall and winter. subnormal flood meant restricted plant- 
ings and deficient harvests; and well-sustained high water, above “wafa” 
—the stage insuring plenty—meant bounteous crops more and more the 
fertile alluvial land, long the stage did not overtop the protective works 
and islands refuge. Thus, happened that the most important annual 
event Egypt was the Nile flood; and, therefore, records were engraved 
the cliff walls various places, notably Semna, section the Second 
Cataract. this locality, 179 distinct markings have been discovered dating 
back about the 12th Dynasty; that is, 1750 1800 C., 
earlier. these markings the west bank are about nearly 
ft, above the flood range recent centuries, but the difference probably 
reflects considerable degree the erosion both channel walls and floor 
and does not necessarily indicate any pronounced progressive change 
discharge from century century. 

that fragment ancient inscribed monument known the 
“Palermo stone,” because now reposes the Palermo Museum, Sicily, 
there are notations regarding the successive ruling monarchs the first five 
dynasties, dating back between 3000 and 3500 C.; there are 
also records such important events military campaigns and public festi- 
vals. These notations include mention the rise the Nile during several 
consecutive years, apparently recording range between and cubits 
ft) somewhere the but with gauge readings usually about mid- 
way. Although difficult tie these records any particular section 
the Nile Valley, they establish the importance the Nile flood making 
Egypt the never-failing storehouse grain for export, especially periods 
when droughts and famine prevailed neighboring countries. Likewise, they 
indicate the irregular distribution flood heights over range quite com- 
parable with that observed the past century, prior the construction 
large regulative works. 

Fortunately, several sections nilometers, various points along the 
stream channel, have been discovered, and their inscriptions have been 
deciphered and correlated. Capt. Lyons’ states that the height above sea 
level corresponding points the ancient nilometers Egypt and Nubia 
have been determined with the aid bench-marks the Irrigation Depart- 
ment, and that the zero points the nilometer scales were found lie 
line inclined the north. Nubia, according Lyons, the line sensibly 
parallel the water slope, but north Aswan considerably less inclined 
than the flood slope. consequence, flood was indicated higher 
reading the nilometer Aswan than that Roda, Cairo. This 
offered explanation the statement found the Egyptian inscriptions 
and the works the Greek and Roman authors that, very good years, the 
Nile rose cubits (46.5 ft) Elephantine, (36.12 ft) 


James Breasted, Vol. seq., Univ Chicago Press, 1906. 
Physiography the River Nile,” Lyons, pp. 316 Cairo, 1906. 
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Koptos, cubits (24 ft) Roda, and cubits (12 ft) the Delta. The 
altitude the zero point the ancient nilometer Roda may obtained 
approximately from the slope the line determined the zero points the 
remaining nilometers. After computing the secular rise the bed one can 
conclude that the flood levels about 3000 (which are recorded the 
Palermo stone) and the later data concerning Nile floods given the Greek 
and Roman authors agree well with those to-day. 

From the evidence studied, Lyons was convinced that about 100 
the Nile often rose cubits (41 ft) and sometimes cubits (43 ft) 
the nilometer scale Elephantine Island, Aswan, below the First Cata- 
ract that the high floods that time reached the level (299 ft) 
above sea level. 1874 they reached (308 ft), (10 ft) above 
the level about 1800 earlier, which corresponds rise the bed 
0.17 (6.7 in.) per century this point. the mean flood level the 
period, 1870 1906, taken, the height becomes (305 ft) and the rise, 
0.11 in.) per century. Quoting Lyons:’ 


“At Karnak 1895 LeGrain found series high Nile levels 
marked the quay walls the great temple. They date from about 
800 C., and the mean altitude given them for high Nile 74.25 
meters [243.60 ft] above sea-level, while that today 74.93° [1906], showing 
rise the river-bed 2.68 meters [8.8 ft] 2800 years, the rate 
0.096 meters [3.8 in.] per century.” 


1935, 76.93 ft) seems better elevation than that 
reported Lyons (74.93 245.8 ft) 1906. 0.15 (5.9 in.) ina 
century assumed the average rate rise the Nile flood-plain, due 
overflow and sedimentation, the 10-m (33-ft) average thickness observed 
alluvial deposits might represent about centuries growth. Other methods 
reckoning based, for example, the maximum thickness sediment, 
the extension the delta seaward, almost invariably indicate much longer 
periods geomorphic development. 

Similar conclusions regarding the rate sedimentation follow the com- 
parison maximum flood height during the reigr the Roman Emperor 
Severus (about 200 D.), and the maximum flood mark noted the French 
savants during the Napoleonic Invasion, 1800 D., was 2.11 (6.9 ft) 
those two floods and their available channels were comparable, 


the rate aggradation the Delta was 0.132 (5.2 in.) per 100 yr. 
Incidentally, that rate seems slightly greater than the rate erosion 
the First Cataract, about 600 miles above Cairo, derived comparison 
maximum flood crests, the assumption that they were almost equal 
magnitude near the beginning and the end the last 900 yr. 

The durable outcropping ledge Syene granite (syenite) forming the 
First Cataract, Aswan, from which great obelisks and other monuments 
were quarried for Lower Egypt and eventual transfer other countries, 
accounts for the relatively slight erosion here compared with (26 ft) 


2.68 76.93 which presumably was intended. 
Nile 1904,” Sir William Wilcocks, 48. 
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about 3700 yr, average 0.22 (8.7 in.) per century, Semna, 
the Second Cataract, where the outcropping stone not durable and 
where sandstone other sedimentary formations predominate along the 
canyon walls. 

The only long-period continuous records now available for the Nile relate 
the Roda gauge, Cairo. There fair assurance that the gauge datum 
has been maintained throughout the thirteen centuries record without 
change, unless the Temple Roda, which the nilometer column located, 
has settled into the alluvium. The depth the temple foundation, and the tra- 
dition that the gauge which was used throughout most the Arabian epoch 
and thereafter, was the datum and site much older structure, 
are items evidence tending insure the stability the foundation. 

Incidentally, the graduation the masonry column into plainly marked 
cubits, with the zero the scale somewhat lower than was ever attained 
(according the available records) the 1300 following 622 D., 
indirect evidence its antiquity, the zero represented the lowest previously 
observed and recorded stage. During the first 1000 this record the 
lowest annual stages approached within about the zero only five six 
times, depending which tabulation adopted; but 1531 and 1621 the 
recorded low stage was only digits, in., above the zero. Moreover, 
the graduations between the sixteenth and twenty-second cubit marks the 
column are half cubits, whereas above cubits (38 ft) they resume the full 
measure. This explained Lyons the ground that the canals were 
opened cubits (27.5 ft), was customary the beginning the 
Arabic epoch, about 641 D., and half-unit rise Roda meant full-unit 
rise above the canal diversions; but cubits, the irrigation basins were 
ordinarily full, and further diversion was necessary. further assist- 
ance visualizing the units the paper, roughly, terms their English 
equivalents, Fig. includes three general conversion scales. 

understood that most the records had common origin, but the 
originals are not known exist the present time. There are various 
versions parts the records, transcribed different authors either from 
the original documents from other transcriptions. Volumes and the 
Memoirs the Institute Egypt (published French Prince Omar 
Toussoun during the period, 1923 1925) afford three different sources 
data, all more less interrelated, yet not identical. Ibn Iyas and others 
have compiled voluminous textual notes, which appear part Volume 
the Memoirs and from which many data may derived for various years 
from 769 1878 Some these data confirm similar figures tabu- 
lated form; others differ; and still other significant notes make cross-refer- 
ences that agree with previous records and supply data for many years which 
are omitted the tabulations. 

The record Aboul Mehasin Volume the Memoirs extends 
from the year 855 the Hegira, 641 1451 D., but all according 
Mohammedan years lunar months, which are thus days shorter 
than the solar years. Therefore, there are 103 per century the present- 
day mode reckoning. The longer tabulation published Volume 
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1925, two years later than that Aboul Mehasin, gives 1108 maximum 
annual stages and 1025 corresponding annual minima during the 
period from 622 1921 

There would definite advantages publishing these tabular data, 
pics and kirats, coudees and doights, cubits and digits, according the 
various transcriptions, with their equivalents, meters, above mean sea level; 
but they are too voluminous present this manner, especially for all three 
main sources data mentioned herein. The use chart which all the 
data could shown, and their trends compared, century century, con- 
necting successive century other averages maximum minimum stages, 
has seemed more acceptable method presentation. Naturally, the 
longer tabulation, representing the latest and most nearly complete version 
available data regarding Nile River stages, was adopted the one 
given preference. 

Fig. the various plotted points may identified follows: 


Applying All the Records: 


five-year average for the data shown dots, supplemented 
(—) when the location the dot not given; 

ten-year average for data shown dots, supplemented 
(—) when the location the dot not given; and, 

one hundred-year average. 


Applying the Roda gauge, Cairo: 


period from 622 1921 D.; 

confirmation from textual notes for the records compiled 
Omar Toussoun; when lacking agreement indi- 
between all three sources; 

records compiled Aboul covering the period, 
855 the Hegira, 641 1451 D., total 811 years. 
small indicates extra data, representing surplus years 
Mohammedan reckoning; 

records from notes compiled Ibn Iyas and for the 
period 769 1878 

records and, 

records indicating “wafa,” the stage that assures plenty, 
which the canals were opened basins; the maxi- 
mum flood stage, ordinarily, was somewhat higher. 


Applying the gauge down stream from Aswan Dam: 


annual river stages the Aswan gauge above the 
assumed datum, 71.0 232.9 ft, above mean Mediter- 
ranean Sea level; 

maximum ten-day, average gauge heights, and, therefore, some- 
what below the actual maximum. 


Applying the El-Leisi gauge, miles stream from Cairo: 


maximum ten-day average gauge heights, and, therefore, some- 
what below the actual minimum. 
Memoirs, Inst. Egypt, 1925, Vol. 
Loc. cit., 1923, Vol. 
cit., 1923 and 1925, Vol. and 
Nile Flood 1905,” Capt. Lyons. 
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The gauge heights plotted ordinates Fig. are readings from the 
Roda gauge the Nile River, Cairo. The exceptions, marked 
refer readings the Aswan gauge and those marked refer readings 
the El-Leisi gauge, miles above Cairo. all cases the readings are 
the mean Mediterranean Sea level elevations, Alexandria. 
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SCALES 


Fig. probably includes many items that represent river stages the 
time the festival attending the opening canal gates, after which the flood 
ordinarily continued rise varying heights. According tradition and 
historical references, furthermore, some the flood heights were increased 
falsely the records for the purpose adding the revenues from land 
taxation. There appear good reasons for expecting fuily wide ranges 
variation for the maximum annual gauge heights for the minima, except 
the former may affected valley storage and flood-plain discharge. 

The data from Aboul Mehasin’s tabulation that differed measurable 
amounts (say, in., more, the adopted scale) are shown short dashes 
crossing the grid lines; and those derived from confirmed textual notes 
are shown within parentheses. this manner, was found possible 
supply about additional maxima, that total 1173 out possible 
1300 are plotted, some with more than one value owing the unexplained 
among the records. These differences may reach 
even cubits, but usually are less than cubit. The data for the extra 
Mohammedan reckoning are shown short dashes between grid lines. 

For the 811 concurrent record covered the aforementioned two 
tabulations, about one-fourth the maxima and one-half the minjma cdincide, 
but those practical agreement those differing only few inches are 
included, the proportions increase about one-half and three-fourths, respec- 
tively. The textual notes Ibn Iyas, Gabarti, and others provide several 
coincidences both maxima and minima, well least equal number 
measurable divergences. Furthermore, they supply the sixty-five yearly 
maxima not found either the long tabulations. All these new data 
are shown Fig. short dashes enclosed parentheses. Agreement 
textual notes with the data from the longer tabulation indicated paren- 
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theses around the individual dots small groups dots. Such symbol 
for any year between 641 and 1451 D., without dash, indicates agree- 
ment all three sources, explained the foregoing list symbols, 

seems fairly well established, tradition well historic 
references, that the records some the sub-normal Nile flood stages were 
increased arbitrarily order unscrupulous rulers whose prospects land 
revenues had been adversely affected the drought. years assured 
plenty, abundant water supply, such sordid motives for falsification 
records would seem lacking. there considerable evidence 
that record was sometimes made the stage which the canal gates 
were opened, upon the assurance satisfactory water supply, after which 
the river may have continued its rise varying unrecorded amounts. 
Furthermore, sudden early recession the flood from what was first 
considered stage assuring plenty, “wafa,” was occasionally followed 
partial famine, due the brief duration high flood. Obviously, any 
neglected maximum stages would tend counterbalance the artificial increase 
sub-normal stages expressed trends. 

With full recognition the obvious discrepancies the records and the 
likelihood that many other errors and inaccuracies were incorporated which 
may never detected (or least are not detectable this time) truly 
remarkable, nevertheless, how nearly the computed trends rise apparently 
ascribable sedimentation, ranging from 0.10 0.15 (3.9 5.9 in.) per 
century, are reflected Table 


SEDIMENTATION 


(a. D.): AND INTERVAL 
ative ove: ove: 
years Mean Mediterranean Sea Level 
From Alexandria, Egypt 
mum mum mum mum mum mum mum mum 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
622 721 100 11.51 | 17.50 37.8 | 
1 422 1 621 900 12.52 | 18.21 41.1 59.7 0.13 0.09 5.12 3.54 


The year 1834 marks the construction main barrage below Cairo 
and the beginning perennial irrigation Egypt. The effect this 
development soon after the severe drought that culminated 1833, more 
marked the trend minima than that maxima. The barrages raised 
the river bed, the release storage water from large far 
stream augmented the minimum flow, and the storage portion 
the flood flow these distant reservoirs tended decrease the peak 
stages. study the trends the graphic composite record covering 
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1300 yr, especially between successive century averages (marked Fig. 1), 
shows unmistakably why the flood stages that indicated assurance 
plenty progressed gradually from cubits (28 ft) the 
Roda gauge and then, during the final century record, increased nearly 
another cubits (10.3 ft), owing increased usage water and the 
the main barrage diversion dam about miles below. 
This was designed raise the low-water surface about 3.2 10.5 ft, 
cubits (10.3 ft), and actually raised the flood crests about 0.75 (29.5 in.) 
the barrage, with all gateways open; 0.25 0.75 (9.8 
99.5 in.) the Roda 

The first notable effort toward providing reliable perennial irrigation 
supply for Egypt was evidently the Lake Moeris Reservoir project, described 
Herodotus after his personal visit Egypt about 450 The site 
has been identified definitely the fertile Fayum Basin the present day, 
with its saline lake occupying the lowest part the valley, 140 below sea 
level, manner similar the Salton Sea Imperial Valley, California. 
The width the canal supplying the reservoir was given the equivalent 
about 300 ft. With average depth during high flood and 
mean velocity per sec, the discharge would have been 30000 
per sec, 60000 acre-ft per day, thus requiring approximately days 
continuous flow deliver 1000000 acre-ft. plain that both the diver- 
sion and the storage quantities might have been considerably greater less 
than these values, but they afford least idea the possibilities the 
light modern practice. 

Sir Hanbury Brown” derived the available storage depths and capaci- 
ties for Lake Moeris which are used the following comments: Taking into 
account the present contours the Fayum Basin, enclosing area fully 
630 miles under the level ancient lake shells, 22.5 (74 ft) above 
mean sea level, and assuming the depth usable storage for return the Nile 
augment the low flow, ft, intermediate between the high-water and 
low-water stages the adjacent Nile channel, the net available volume 
found have been about 3000000 acre-ft, nearly the usable capacity 
the Aswan Reservoir from 1912 1930, after the first enlargement and 
before the recent one. The storage and release this water, therefore, must 
have modified the Nile discharge Cairo, about miles below the diver- 
sion canal leading the Fayum Basin; but appears that before 622 D., 
the beginning the nilometer record herein presented, Lake Moeris had been 
abandoned storage project, and the rich alluvial lands its bed had 
been devoted agricultural use, such prevails this day. addition 
this storage, the chains natural lakes were doubtless operating effec- 
tively those ancient times the present, not more so. Presumably, 
the natural processes erosion and sedimentation would have tended 
enlarge the lake outlets and convert the shallower lakes portions them 
into marsh land, such now prevails the White Nile above Khartoum. 


Delta Barrage,” Sir Hanbury Brown, Cairo, 1902. 
Fayum and Lake Moeris,” Sir Hanbury Brown, Lond., 1892, 80. 
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From what seems the best information and opinions thus far pub- 
lished and discovered the present research, appears that the storage 
and regulative features the Nile were not greatly changed during the first 
1200 the record plotted herewith; but that the developments during 
the final century this record least restored the quantity storage and 
regulation provided Lake Moeris for possibly sixteen centuries before, 
and more than century after, the visit Herodotus, about 450 

spite all the changing, uncertain, and erroneous factors that must 
considered connection with the records stages the Nile River, 
believed that they disclose some important information; and there fair 
prospect that they may yield more data with further study and the cumula- 
tion ideas various students. 

readily apparent that the use records covering only single early 
century might yield unreliable estimate the frequency 
the maximum stages for the total period. the other hand, believed 
that, after eliminating the obvious errors Fig. such cubits 
(5, 8.5, ft), and some lesser ones, and then applying average rate 
rise per century indicate the sedimentation the flood- 
plains and the resultant rise flood stages, any one the first twelve cen- 
turies record may found qualify rough indicator what should 
expected during longer period, such 500 1000 yr. Furthermore, 
the comparison the Toussoun data (plotted dots Fig. and the 
Lyons data (marked Fig. for the two centuries ending 1902, shows 
several measurable differences, some them systematic and nearly constant, 
and others irregular amounts and sign; that is, alternating positive and 
negative variations. view such discrepancies, the ease with which 
“3” may read “8,” single unit changed the 10’s column 
numerals, and the chance other errors transcription, not 
surprising that about digits cubits other differences exist 
the two tabulations covering 811 concurrently. The greater occasion for 
surprise seems lie the possibility synchronizing the two time scales 
(Mohammedan and solar years), which has been done such way that 
majority the items are actual substantial agreement, for both maxi- 
mum and minimum annual stages. 

This presentation what purport records data derived 
some way from actual records, made with the hope that others may 
spared the tedious work computation, co-ordination, and plotting the 
various items. Perhaps may serve kind groundwork which 
comparison may made between segments this record, between these 
data and others for rivers the United States, proper account being taken, 
course, differences drainage-basin characteristics and river regimen. 

seems important observe that the site the Roda gauge, Cairo, 
virtually the apex the Nile Delta cone and that the opportunity the 
stream spread through wide angle resulted various conditions regarding 
the number outlet channels. Thus, some the early maps outline six 
distinct outlet branches; others show three four; and now there are only 
two well-established natural channels. Perhaps the combined capacities 
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the various canals Lower Egypt, even those restricted the Delta itself, 
would account for the equivalent one more the abandoned channels. 
quite probable that under such conditions are known have existed 
some the annual flood heights were affected more channel changes than 
variations rates flow. For example, devastating flood may have 
lowered the river heights temporarily result scouring, obstruc- 
tion may have increased them. The transfer the main gauging operations, 
about 1870, the Aswan site, below the First Cataract, avoided some the 
disturbances that have been felt Cairo from new irrigation developments 
since the British occupation. These Aswan gauge heights, above assumed 
datum, are superimposed Fig. with Roda gauge readings. 

Attention also invited Fig. the plotted records both annual 
and 4-month flood volumes Aswan, beginning with 1870, deter- 


191.4 5.54 574.14 16.45 140 
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mined from the records the Ministry Public Works, These 
values may read from the various scales almost any desired unit 
measure common use. The decrease from the first the latest decade 
record seems due, part, climatic trends over the period record, 
but perhaps may reflect also the increased use water Upper Egypt and 
the increased losses storage transit due recent works. 

Probably the most authoritative appraisal that the Physical Depart- 
ment, Egyptian Ministry Public Works, expressed” Hurst, 
Director General, and Phillips, Director the Hydrological Service: 


“One series maxima and minima Cairo extending from 641 
1450 fairly complete. The outstanding feature these that over 


Physical Dept. Papers, Nos. and 31; also “The Nile Basin,” Vol. III and 
(Supplement). 


Nile Basin,” Vol. 20, 
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considerable periods, sometimes long years, floods are above the 
average, while over other periods they are below the average. also 
the case that very low floods may occur amongst high series and vice 
These records have been analyzed for periodicities, and periods small ampli- 
tude have been found. They are, however, masked irregularities 
useless for forecasting purposes.” 


Despite the obscuring effects errors, uncertainties, and difficulties 
attending these records Nile River stages, seems probable that the con- 
centrated attention members the Engineering Profession who are 
inclined may yet bring into view many facts and relationships build 
better background experience and afford perspective covering long-time 
trends river behavior. Throughout the notable long-period records 
recently investigated both American and foreign rivers, aggregating 
thousands years length, appears that single flood event com- 
pletely variance out character with what appear the natural 
and reasonable potentialities that particular basin river system, 
indicated other similarly outstanding events record. 
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DISCUSSION 


“The Cycles That Cause the Present the writer has compared 
curves mean flood levels the Nile River from 1735 1919 with those 
mean annual rainfall near Boston, Mass., from 1750 1934. The two 
curves are quite similar, each having minimum for the 5-yr. period, 
and maximum near the period, 

Another gives the mean thickness annual tree rings 
decades, for Arizona pines, from 1390 1909, indicating three cycles about 
152 yr. Each has less amplitude than the one preceding because tree 
rings vary less thickness the roots attain greater depth. The California 
sequoias also show the 152-yr cycle clearly, particularly when they are young. 
The first great valley the curve their annual rings shows maximum 
drought about 1255 B.C. 

The annual silt layers, varves, the ancient glacial lakes New Eng- 
land and Canada show the 152-yr cycle; but the most impressive evidence 
this “grand cycle” found the recessional moraines left the retreating 
ice sheet, and the ancient beaches around the Great Lakes and Lake 
Winnipeg. 

From the foregoing evidence the writer has concluded that the exact 
length the cycle one month longer than 152 and that its amplitude 
reaching maximum every 1825 yr. Keele, Australian 
engineer, was discern any evidence the existence the 
and found the Nile flood-level records subsequent 1736, well 
the records Australian rainfall. Unfortunately, erred 12% 
determining its length. 

means tree rings the writer estimates that the year maximum 
drought due this cycle will 1939; but since there are dozen other 
cycles longer than yr, not mention several shorter than that, there may 
years even dryer than 1939, the near future. This illustrated 
reference Table which the mean amplitude (Column (2)) the 
percentage departure the cyclograph peak valley from the mean. 
The cyclographs were those derived from Arizona pines (1391-1910) except 
for the 100%-yr cycle, for which early sequoias were used. The sequoias 
usually have amplitudes about two-thirds great Arizona pines; therefore, 
the Column (2), Table should increased about one-half. The 
amplitude varies periodically through the cycle Column (3), Table and 
Column (4) gives year which peak the basic cyclograph had its 
greatest amplitude, which used epoch date. 

Four principles seem indicated Table its relation the 
paper Mr. Jarvis, namely, (1) the amplitude rainfall cycle tends 


Works and Sewerage, August, 1935, 289. 
Loc. cit., Fig. 290. 


Wales, Vol. 44, 1910, Roy New South 


Water Works August, 1935, 292. 
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increase with the length the cycle; (2) the amplitude itself (3) 
cycle lengths approximate geometrical progression series, with ratio equal 


2;and (4) cycle lengths are either integral number months, 
two-thirds month. 


TABLE 


AMPLITUDE AMPLITUDE AMPLITUDE 
years | cent- in rainfall || Ye@rs | cent- in rainfall || Y&@TS | cent- | years | rainfall 
age) years age) years age) 
(1) (2) (3) (4) (1) (2) (3) (4) (1) (2) (3) (4) 
17 Pay 5 
4 5 7 37 1922 23 12 143 1859 100 ; 13 302 1912 
5 # 6 103 1919 39 10 119 1921 152 i 25 1 825) 1711 


Since sequoia tree rings have been measured spanning 200 consecutive 
years, follows that they supply means determining lengths cycles 
with great precision. total one hundred and thirty-three 24-yr cycles can 
traced the sequoia data. Therefore, the peak the cycle determined 
near the beginning and near the end the 3200 yr, the error the length 


the cycle cannot exceed 


yr. 

For the foregoing reasons the writer finds that tree rings are preferable 
level records the River Nile deriving the lengths cycles. Further- 
more, the low-water levels this river are more variable than the flood-stage 
records cited Mr. Jarvis and, therefore, are preferable for cycle analysis. 
simple method cycle analysis has been recommended the 
which similar that devised Balfour Stewart.* should noted 
that this method harmonic analysis modification will 
yield pseudo-cycles two-thirds, one-half, one-third, one-fourth the length 
the true cycle. writer has previously called attention this fact. 
arises from the shape the rainfall curve cycle; and, consequently, 
meteorological literature abounds pseudo-cycles. 

Except for the records the River Nile, man-kept records weather 
cover such few years that they are little value determining cycles longer 
than about yr. often requires data covering more than cycles 
establish the existence cycle with high degree probability, because 


Water Works and Sewerage, August, 1935, 289. 


Magnetic Declination,” Arthur Schuster, Transactions, 
Cambridge Philosophical Soc., Vol. XVIII (1899), 107. 
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there are many cycles that they tend hide each other. Two rainfall 
cycles (approximately 152 and 101 yr) often are very clearly evident 
spite the other obscuring cycles. Occasionally, intervals yr, the 
laminated silt varves.” 


flood determined the conjunctive operation variety meteorologic, 
hydrologic, topographic, and other factors and conditions manner favor- 
able the production abnormally excessive flows. knowledge these 
fundamental factors and conditions has become more plentiful through the 
collection records rainfall and river measurement stations, topographic 
surveys, has been possible introduce more science into the analysis 
flood and thereby advance somewhat relating floods 
their constituent elements. Notable advances this kind have been made 
recent years different individuals and organizations along more less 
closely related lines, with resulting improvement the technique flood 
study and the promise further improvement the supply essential base 
data increases and the knowledge practical and theoretical hydrology 
progresses. 

The flood record the Nile River, presented the paper Mr. Jarvis, 
the result thorough and painstaking endeavor reconcile conflicting 
Nile flood heights derived from various sources and con- 
vert the information into form that can readily understood and discussed. 
Future students the long Nile record may have the advantage starting 
from the advance point which Mr. Jarvis has progressed his researches. 
Although numerous uncertainties and difficulties tend place the record 
somewhat cloud doubt regards its reliability detail, full knowl- 
edge the facts developed will great value future investigators. 
The writer believes with Mr. Jarvis that despite these unfortunate defects 
the record the Engineering Profession may able derive from 
valuable knowledge regard long-time characteristics river behavior, 
and particularly regard the changes behavior with respect floods 
within the centuries covered the record. 

The proposition that the characteristics flood behavior stream may 
best understood and dealt with analyzing them relation their 
fundamental constituent elements has the direct corollary that such analysis 
these characteristics for certain stream may also best contribute knowl- 
edge corresponding characteristics for other streams, neighboring distant. 
Obviously, therefore, the flood characteristics the Nile and other foreign 
rivers, displayed long records, are made rationally applicable 
streams elsewhere the world they require analyzed and translated, 
far practicable, into common fundamental terms. undertaking 
determine, superficial way least, something the significance the 


“Recession Last Ice Sheet New England,” Ernst Antevs, Plates 
121 seq. 
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Nile record relation other streams, the writer has been interested 
review some the outstanding features the Nile floods. 

The Nile drainage basin has area miles, and the river 
has waterway length 3728 The corresponding values for the 
Mississippi-Missouri System are 1240000 miles and about 200 miles, 

The main Nile formed the junction the White Nile and the Blue 
Nile Khartoum, 1913 miles above the mouth. Through this 
reach below the junction the river flows through very arid country and 
except for the River Atbara, which enters from the east, 159 miles below 
the junction, the tributary area small and the 
negligible. The flow subject substantial diminution evaporation and 
seepage; moreover, for thousands years each flood has supplied substantial 
volumes water, largely from the lower part this reach, for the irrigation 
the fertile Nile Valley. The flow the river derived from two main 
sources: (1) The lakes and great swamp areas Central Africa drained 
the White Nile and its tributaries, with heavy tropical rainfall dis- 
tributed through the greater part the year; and (2) the highlands 
Ethiopia, drained the River Sobat, tributary the White Nile from the 
East, the Blue Nile, and the River Atbara—a region marked extraor- 
dinary concentration rainfall and run-off the period from July 
September. Thus “reduced its simplest expression, the Nile system may 
said consist great steady-flowing river fed the rains the 


Distance junction 
from mouth the Nile, 
in miles 
94 560 2 429 
127 998 1 913 
216 754 


tropics, controlled the existence vast head reservoir, and annually 
flooded the accession great body water with which its eastern 
tributaries are 

Table shows, down-stream order, the drainage areas the Ethiopian 
that are the sources the annual Nile flood and the relative loca- 
tions their junctions with the main river. The Blue Nile rises above 
Lake Tsana, about 2800 miles from the mouth the Nile. 

Some understanding the seasonal distribution the rainfall that 
the source the Nile floods may obtained from Table which gives the 
mean monthly rainfall Addis Ababa for period and months.” 


and other statistical data the Nile presented herein are obtained from 
“The Physiography the River Nile and Its Capt. Lyons, Director 
Gen., Survey Dept., Finance Ministry, Egypt, Cairo, National Printing Dept., 1906. 

» “Encyclopedia Britannica, 14th Edition, Vol. 16, p. 454. 

Rains the Nile Basin and the Nile Flood Director, 
Service, Survey Dept., Survey Department Paper $2, Ministry 


River 


© 
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The hydrographs flow stations the upper reaches the tribu- 
show most pronounced flood rise extending from July the late 


autumn and culminating maximum stage August September 
(averaging about September 1). The hydrographs the upper stations follow 
irregular saw-tooth line, thus displaying direct sensitiveness the varia- 
tions rainfall distribution over the upper part the drainage basin. 

The flow the White Nile above the mouth the Sobat extraordinarily 
regular. The influx the Sobat tends swell the flow materially, beginning 
with June, but apparently the river continues characterized unusual 
regularity until approaches the mouth the Blue Nile; where shows 
greater domination the influences that create the Nile floods. Below the 
junction the Blue Nile, the flow assumes the definite pattern the Nile 
floods. 

Farther down the main river the hydrographs become continuously more 
smooth, until the Roda gauge, Cairo, where the long record has been 
kept, the incisions the hydrograph that are due natural causes are 
undoubtedly very small. Moreover, under natural conditions, the time 
maximum stage Cairo about October the average, about month 
later than the upper reaches the tributaries. 


From the available information apparent that: 


(1) The rainfall that creates the Nile floods concentrated largely 
90-day period; 

(2) The collecting system the flood waters integrates the variable flows 
originating from the heavy rainfall over wide area peculiarly effective 
manner, that the flood the place where upon its long course 
the sea through the main Nile channel characterized remarkable 
uniformity pattern from year year; and, 

(3) The passage through about 1900 miles capacious flood channel, 
with the resultant regulating influence great volume channel storage, 
still further smooths the hydrograph flow, except artificial regulation 
and diversion have produced irregularities, usually minor character. 

The only drainage basin the United States that comparable area 
and length that the Nile the Mississippi Basin, but its hydrologic 
characteristics are quite dissimilar. The Colorado Basin similar the 
Nile Basin respect the fact that its flood peculiarly seasonal its 
but much smaller and quite unlike the Nile Basin various 


pub. the Survey Department Papers the Ministry Finance, Egypt. 
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other ways. evident, therefore, that the application the Nile experi- 
ence the rivers this country not direct and easy, but requires 
appropriate analytical treatment fundamental factors. 

reviewing the evidence past centuries, therefore, appears that the 
annual maximum stage the Roda gauge represents the culminating height 
attained flood rise large volume and unusual regularity 
Outstanding features the flood are its regular seasonal recurrence and its 
obscuring erratic tendencies, both distribution rainfall and the 
characteristics drainage basins shedding flood waters. Any application 
the facts disclosed the Nile streams elsewhere, course, 
should take these and other essential characteristics appropriately into 
account. 


Esq. (by Roda nilometer situated Cairo 
said the oldést existing Arab monument Egypt, and consists 
well about (16.4 ft) square communicating tunnels with the river 
and having vertical column its center which the scale cut. The 
column held the top cross-piece masonry spanning the well, and 
the water levels were read from staircase that winds around the outer edge. 
Its records dating back 622, although not complete, form perhaps the 
longest written record any meteorological phenomenon. 

The originals far known not exist present, and the form 
which the records-were kept also unknown. Colonel Sir Henry Lyons who 
came Egypt the Nineties was told that the original records were written 
Coptic and existed the Ministry Public Works the time Aly 
Pasha Mobarak, few years before his arrival the country, but was 
never able trace them. The writer has never heard record with any 
claims antiquity, and any such existed Egypt, Prince Omar 
Toussoun who has collected much old material about the Nile would 
probably have discovered it. 

assessing the value these records many points need consideration 
(some which will mentioned subsequently), and the investigator must 
divest himself the idea that they are comparable accuracy with present- 
day records. The scientific spirit recording exactly what observed, with- 
out personal bias and with every effort eliminate sources error, 
recent growth and not expected records the most complete portion 

The Roda nilometer has been repaired various occasions recorded 
historians, some which the repairs have been extensive leave 
doubt whether was not entirely reconstructed. There little doubt 
that the list repairs incomplete and case there any account 
what steps, any, were taken preserve the datum level during the repairs. 

Apart from changes datum accidental nature one must consider 
the effects changing topography and varying regime the river such 
have occurred historical times. example this mentioned the 
paper the varying number and position channels through the Delta, 


Director-General, Physical Dept., Ministry Public Works, Cairo, Egypt. 
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and further example that the position the western bank the river 
near Cairo has changed nearly (0.6 mile) since Napoleon’s time. 

point that may mentioned the effect the basin system irriga- 
tion the river levels Cairo. this system, which was the only one 
practised Egypt until the Nineteenth Century, the country divided into 
sections banks transverse the course the river, and the flood waters 
the Nile are admitted these sections basins means short canals. 
After period forty days more the water allowed escape back 
the river and the basins are planted with crops. recent times, basin irri- 
gation has been well controlled means masonry regulators the canals 
and escapes, and the water admitted and escaped from the basins accord- 
ing program. The effect this alter the natural flow the river 
Cairo very considerably, lowering the natural peak and the succeeding 
levels raise them again when water begins escape. some cases the 
second peak has been higher than the first one and, others, has not been 
noticeable, the actual regime depending largely the nature the flood. 
Since 1900, the basin area Upper Egypt has been diminishing gradually, 
owing the conversion the basins the perennial system. 

Previous the Nineteenth Century basin irrigation must have been 
much more haphazard process, lack communications would prevent its 
regulation organized plan directed from headquarters. Moreover, there 
would masonry regulators; the only control entrance to, and escape 
from, basins would earthen banks; and after these were once cut the 
water would take its course. the water merely flowed through 
breaches the river bank the flood rose, and back through the same breeches 
the river fell, making the process more less natural one, which would 
modified occasionally the bursting cross-banks. early times 
the cross-banks probably did not exist, and the annual inundation Upper 
Egypt was still simpler phenomenon. 

Unfortunately, details the form the Roda gauge curve previous 
the Nineteenth Century have been handed down, and only readings purporting 
the maximum and minimum, are available. The minimum readings 
would much more likely affected changes topography, such, 
for example, the closing main channel near Cairo silt bar 
earthen bank (as must frequently have happened), the gauge itself 
being shut off from the main stream. 

The possible exaggeration low floods for revenue purposes has been 
mentioned the paper. Another source error that the gauge pillar 
must always have been difficult read the observer cannot approach 
closely furthermore, the scales became worn and often doubt were incrusted 
with mud. This led practice which was followed some the gauge 
readers recent times and was referred Col. Ardagh 1889," 
reading not the gauge, but private marks either the wall the 
gauge-well flight steps outside, leading down the Nile. 


Ardagh, Proceedings, Royal Geographical Soc., Vol. 
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Some the sources error that affect the records are accidental 
nature and will largely eliminated the number observations, which 
approximately 1100 both flood stage and low stage. 

Systematic changes such the gradual rise the river bed can elimi- 
nated for some purposes dividing the observations into groups of, say, 
100 and dealing with the departures from the mean the century. This 
procedure helps also eliminate the effects topographical changes. Delib- 
erate exaggeration low floods cannot eliminated, but quite likely 
that practice which was only used for time and does not affect all 
the records, and, therefore, its effect minimized when the entire 
material discussed. 

whole, these records represent observations extending over very 
long period the rise and fall the Nile. They have not the precision 
modern observations, but are probably reliable many the statistics 
collected the present day about less well-defined phenomena, such the 
health and social conditions mankind. 

Two uses which these records have been put recent times are: 
(1) Analysis discover the existence periodicities; and (2) construction 
curve giving the frequency floods different heights. 

The old records the Roda gauge given various authors were scrutin- 
ized Mr. Craig, the Egyptian Ministry Finance, and converted 
metric scale, and this collection, with certain minor changes, that 
has been used the Physical Department, Egypt, communicated the 
Department inquirers. 

analyses have been made the late Professor and 
240 have been found. The period greatest amplitude far one found 
Professor Turner 240 yr, with amplitude in.) for the 
maxima and (18 in.) for the minima. 

The analysis Dr. Brooks does not extend beyond period 76.8 yr, 
but finds number periods average amplitudes the order 
His best defined periodicity the one 76.8 yr, with mean ampli- 
tude in.). The average standard deviation the flood levels 
(22 in.); this makes apparent the relative smallness any periodic 
effects, which although theoretical interest, are use the forecaster. 
glance the records when plotted fairly large scale shows that there 
period which directly evident the eye, and that the principal features 
are the existence fairly long terms years when, the whole, the floods 
have been high and others when floods have been low. This fact well 
illustrated the Aswan gauge records for the period, 1869-1933. dividing 
this period into two parts, and 1899-1933, example afforded 
high term followed low term yr, with the results 
indicated Table 


“On 


Turner, Monthly Notices, Royal Astronomical Soc., May, 1919, Vol. LXXIX. 
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The most striking feature Table that the high term, one year 
every two was higher than the highest flood the following low term. 
regularity the occurrence these high and low terms has been discovered 
far; nor are floods uniformly high high term low low term. 


1899-1933 
Description 

feet Year meters| feet Year 
Maximum gauge reading of highest flood.......... 94.15 | 308.9 1878 93.30 | 306.1 1908 
Maximum gauge reading of lowest OS ee -| 91.40 | 300.9 1877 90.11 | 295.6 1913 
Mean flood maximum for the period.............. 93.26 | 306.0 ee 92.39 | 303.1 awa 
Number of years with maxima greater than 93. i ™m. 15 are 0 eee 
Number of years with maxima less than 91.40 m. 0 Wide 2 


frequency curve was constructed the writer from all available Roda 
gauge maxima. This curve was used estimate the frequency occurrence 
very low floods such that 1913.” 


Percentage Frequency for Half-Meter 
intervals of Gauge Readings 


Q 
3.25 —2.75 —2.25 —1.75 —1.25 —0.75 —0.25 +0.25 +0.75 41.25 +1.75 +2.25 +2.75 +3.25 +3.78 
Departure in Meters from Approximate Mean 


Fig. the effect progressive change and discontinuities has been 
eliminated some extent. The ordinates give the percentage cases 
which the reading falls within the half-meter indicated the abscissa and; 
therefore, ordinate measure the probability occurrence. The 
plotted points are derived from observations from 640 1451 D., together 
with observations from 1737 1917 D., making total 961 observations. 
will seen that the frequency distribution Nile floods approximates 
closely that given the Gaussian law errors, and the regularity the 
curve tends show that systematic misrepresentation the records low 
floods did not occur any great extent, and that perturbing effects act mainly 
accidental manner. 


“Nile Sir MacDonald, Cairo, Govt. Press, 1921. 
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the paragraph following Table the paper there seems mis- 
conception the effect the Delta Barrage below Cairo. The function 
this structure purely raise the river level that the three main canals 
taking off the Barrage can fed all times the year. The storage 
behind the Barrage negligible and, therefore, its effect lowering 
the flood-peak augmenting the minimum flow. 

recent years considerable research has been done with 
regard Lake Moeris and the Fayum Basin and the results have been pub- 
lished.” few references old records the Nile are: (1) “Nile Gauge 
Roda”, Mohammed (2) “The Nilometer Cairo”, Dr. 
and sundry items correspondence 


this paper, the long record the Nile. Many references have been 
made such records and there have been number summaries and brief 
discussions the data, but the records themselves have not been available 
many engineers America. Mr. Jarvis has presented pictorial form about 
much most engineers will want see, while the specialist can back 
the more detailed data. The author has done another “good turn” his 
studies the reconciliation several sources data, thereby supplying 
some the omissions the Roda record, and his explanation the con- 
ditions under which the records were collected and the probable reasons for 
some the errors that may included. 

These records are great importance because, aside from tree rings, 
they are the longest known continuous record any kind information that 
bears upon the changes river flow variations climate. Briefly, they 
show the yearly high and low level the Nile for 1300 yr—information 
great interest hydraulic engineers the world over. The gauge from which 
these records were obtained located the Island Roda, Cairo, and 
doubt has been inspected many engineers who have been fortunate 
enough visit Egypt. The substantial character the structure and the 
many repairs and improvements that have been made upon it, and the care 
with which records have been kept through the more than thirteen centuries, 
speak eloquently the importance the level the Nile the people 
Egypt. nation has been dependent upon one source water and 
other place the world there much interesting material for profit- 
able study the engineer. 

The recent series dry and hot summers many parts the United 
States has attracted more than usual attention matters weather. 
parts the Pacific Coast there have been seventeen years with precipitation 


Desert Caton Thompson and Gardner, The Royal Anthro- 
1934; see, also, the review this book the Geographical Journal, 
ugust, 1935. 


“Nile Gauge Roda”, Mohammed Kasim, Cairo, Govt. Press. 


Nilometer Dr. Reiss, Zeitschrift fiir Messungewesen, 1889, 
pp. 439-445 (Konrad Wittwer, Stuttgart). 


Correspondence Nilometers, Proceedings, Royal Geographical Soc., Vol. XI, No. 
April, 1889, pp. 245 and 246. 


“Cons. Engr., San Francisco, Calif. 
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below the average—below the normal. The question is, “Do know what 
normal?” “Is this dry period normal were the earlier years relatively 
high precipitation more nearly News items have told railroads 
hauling drinking water for stock Imperial Valley. Cities and towns the 
Mississippi Valley have placed restrictions the use water, and thousands 
fertile acres are suffering from lack rain. “unprecedented drought” 
the explanation. Such disasters occurred not only 1934, but for several 
preceding years. Are they “unprecedented”? Are they likely occur soon 
again? The climate changing, say some. 

The belief that the climate changing has been adopted probable 
many people and sensational broadcasts have told the necessity abandon- 
ing large areas the great plains. The people are told that they have over- 
developed their water resources and must now take backward step, consoli- 
dating their dwindling resources fit the true conception the water supply 
rainfall. 

The memory human beings notoriously unreliable weather. The 
deep snows the past generation, the freedom from floods, greater floods, 
the “big freeze”, the “big wind” are phenomena which, human recollec- 
tion, longer occur. Examinations records weather, when they are 
available, seldom support these beliefs. Actual records seldom show any pro- 
gressive change within historic times. Long-term records, such these from 
the Nile, enable the student carry facts little further back, compare 
with beliefs and theories. 

When one reads abandoned cities now desert places, sees wave-cut 
shore lines made prehistoric lakes now long evaporated and either gone 
greatly reduced size; when one sees the abandoned trails glaciers 
proof changed climate, one wonders, such changes are going to-day. 

There are weather records America any high degree accuracy 
extending over 200 yr; Europe, not more than 400 yr, which very 
short time when compared with the 4000 5000 which Man has 
gathered some historical facts, and insignificantly small when compared with 
the length the most recent geological period. the length 
geological time years means accurate, but from all the evidence 
available appears that the time since the last glacial period from 
100000 yr. The longest rainfall record, therefore, the order 
one-twenty-fifth the historical period, one-five-hundredths the most 
recent geologic period. the rainfall the eastern part the United States 
was reduced one-half quantity since the last glacial epoch the rate reduc- 
tion would about 0.1 in. per century. There way ascertaining 
with certainty any such small average change rainfall. far local 
records alone show, this country may increasing decreasing cycle— 
man knows which. The records the .Nile, therefore, are great 
interest extending the period observation. Perhaps were 4000 
5000 long, the trend could predicted. 

The height the Nile flood time, general way, dependent upon 
rains the Abyssinian highlands; the low flow depends rains Central 
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Africa which reach the main stream through the White Nile. There are 
many factors other than rain that may effect both these flows but, the 
whole, rain the most important single influence, and long period, such 
this, its effects must have over-shadowed all other factors. 

The Nile unusual stream. flows out tropical region including 
its water-shed humid, semi-arid, and desert areas great size. The total area 
water-shed approximates 1200000 miles, nearly one-half the 
area the United States. Its yearly flow volume approximates 
acre-ft, about much all streams California combined, one-half 
the Columbia River The Dalles, Ore. The flow Egypt, ordinarily, 
minimum May when begins rise from rains Ethiopia; first 
the Atbara, then the Blue Nile rise flood. The flood increases, reaching 
maximum September October fall the Ethiopian summer rains 
diminish. The White Nile maintains the flow during the winter until the 
summer rains come again. round numbers, two-thirds the flow comes 
from the Blue Nile, one-fourth from the White Nile, and one-eighth from 
the Atbara. 

this manner the Nile has been rising and falling each year for several 
thousand years. ancient times the cause this regular procedure was 
mystery satisfactorily explained only introducing the supernatural. Then, 
nearly the entire irrigated area Egypt was flooded basins, under more 
less control, the river rose. years very high floods the control was 
ineffective, and disaster and famine followed; years low flood, the supply 
became inadequate and equally great disaster resulted. The reports accom- 
panying the records published the Memoirs the Institute Egypt give 
the harrowing story these periods. the whole, however, the rise and 
fall the stream were regular and dependable that Egypt became one 
the richest countries the world and was the storehouse food from 
which neighboring countries were supplied time drought and famine. 

was the custom the rulers announce each year the time when the 
river had reached the proper level for the dikes opened and the basins 
flooded. This “wafa” was the occasion rejoicing and feasting, the impor- 
tant period the year, for depended the prosperity the country 
and the amount taxes which could collected. 

The records flood level—presumably the highest level the Roda 
gauge—and the low-water stage the same place then became one the 
most important records Egypt and probably epitomizes the economic his- 
tory the country. wonder such care was taken their preservation. 

The Roda gauge was its present location early the Seventh Cen- 
tury although there reason believe that earlier gauges existed either 
here, Memphis, few miles stream. The gauge was built temple, 
mosque, and the collection and preservation records was the duty 
the priest sheikh the temple. The record now existing begins 622 

summary the thirteen centuries record given Fig. This 
includes only the Roda gauge readings and not the additional data recorded 
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Mr. Jarvis’ charts. This record two readings river level—the highest 
and the lowest— each year does not give information from which the yearly 
flow may computed but, stream like the Nile which goes through 
regular cycle, such figures are very significant and should indicate any 
progressive change that may taking place. 


22 


20 


16 


12 


Gauge Height in Meters 


1 ul IV v VI x XI 
Century (622 to 721 A.D.,ete.) 


Little information available concerning changes the size the 
channel, but such there indicates that there has been notable varia- 
tion the width the waterway. From Aswan the head the Delta near 
Cairo the stream seems have occupied much the same channel since the 
Egyptians began build dikes and cities and temples. The location 
prominent objects and many historical references all indicate great change 
channel width. 

The river levels Cairo might have been effected changes the irri- 
gated area Upper Egypt, but far known from historical records 
there was important change either area method irrigation the 
thirteen centuries, until 1833, when Mehemet Ali began the construction 
barrages the head the two branches the Nile few miles below Cairo. 
This structure effected the levels Roda back-water. Prior 1833, the 
stream flowed past Cairo substantially has done for many centuries. 


| 
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ancient times Lake Moeris, one the “seven wonders the world”, may 
have effected the levels. This lake, which occupied what now known 
the Fayum Basin, depression the Lybian plateau west the Nile Valley, 
was filled high water and drained the flood receded, thus affording both 
flood protection and water supply the valley below. believed that this 
lake was not used after 300 Certainly, has not influenced the river 
during the period for which the Roda records are available. 

The silt deposited the Nile has been building the level the valley 
since the dawn history. This effect very noticeable throughout the 
length the valley. The earliest scientific study this, which there 
record, was made the savants who accompanied Napoleon Egypt 
1798. They estimated from the depth which structures were buried that 
in.) soil were deposited per century. More exhaustive 
research, with other approximate information considered, has confirmed this 
figure and, to-day, generally accepted that the mean rise about 
in. per century. 

The gauge heights Roda, for the thirteen centuries show nearly the 
same rise, both high water and low water, disregarding the period since 
1833. This fact very significant and indicates that there has been only 
one change conditions and that corresponds the rise from silt deposition. 

the ages which historical records have been preserved the number 
and location the arms the Nile have been changed several times, and there 
has been constant building out the Delta, extending the channel length. 
The swamps which once made the Delta, have been built silt, dikes 
have been constructed control overflow, and the entire character the 
country has been changed; all which agreement with what one would 
expect from silt-bearing stream. 

The entire Nile Valley, from the first Cataract Aswan the Mediter- 
ranean, formed sediment. The river encounters rock after leaving 
the granite Aswan. The slope the water surface far Cairo 
remarkably uniform both low flow and flood; about 000, 
little less than in. per mile. The cross-section the stream bed also 
very uniform, increasing slightly down stream. the whole, the result 
what might expected from silt-bearing stream flowing through channel 
its own deposition. the valley level rose through deposition, the stream 
has maintained its channel depth, width, and slope. 

Since the change average levels the Roda gauge corresponds 
closely the general average change valley levels there reason 
believe that there has been any progressive change volume flow. 


These records from the Roda gauge indicate the following conclusions: 


(1) There has been fairly constant rise levels, which may attributed 
the sediment building the valley lands and the river bed the same 
rate. Disregarding the last century records (which since 1833 has been 
effected some extent work the barrage the head the Delta), 


— 
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there has been average flood levels about cm, in. per century, 
the 200 yr. 

(2) The mean flood, taken the average high flood and low flood, has 
increased about the same rate. 

(3) The mean height low water has apparently increased smaller 
rate, although the greater variation low flow renders determination the 
change uncertain. This may have been caused the regulating effect 
low flow diversions, the dams from vegetation the Sudd swamp 
region the White Nile. 

(4) The mean all records, averaging mean flood and mean low water, 
has changed about the mean flood level, increase about in. per 
century. The change the first seven centuries was less than the latter 
five centuries. 

(5) The mean range showed little change for nine centuries; then 
increased about meter for three centuries, but the whole, changed little 
the 1300 yr. This seems indicate little change the rise and fall 
the river whole and points comparatively uniform channel during 
that period. 

(6) There nothing this 1300-yr record that shows any progressive 
change which may attributable change climate. 


records, this paper complicated the need changing units and the 
interpretation various languages. The Italian, Lombardini, stated 
1865 that “no river the world lends itself hydrological studies 
majestic scale the Nile.” The Nile British engineers have 
estimated that built the Delta the rate about per century 
(see Fig. furnishes ample water for fertile lands region prac- 
tically rainless. 1908, Sir William Willcocks, referring the old basin 
irrigation, wrote: 


will evil day for Egypt she forgets that, though basin irriga- 
tion with its harvest corn has given way perennial irrigation with its 
fields, the lessons which basin irrigation has taught for years can 
unlearned with impunity. The rich muddy water the Nile flood has 
been the mainstay Egypt for many generations, and can more 
dispensed with today than could the past. The basin irrigation 
the ancient Egyptians may well likened the path the eagle its 
boldest flight, while the perennial irrigation our day finds its true simile 
the laborious task the working bee.” 


Exclusive Fayum and few square miles irrigable patches along the 
Nile between Aswan and Cairo, the productive area Egypt equilateral 
triangle with sides about 240 (see Fig. (b)) long and with its apex 
Cairo, approximately one-fifth the area New York State. 

The White Nile rises Lake Victoria under the equator, about 
from the sea, flows through long stretches the Sudd with its papyrus, its 
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swamps, and marshes, and delivers clear water into the Nile its junction 
with the Blue Nile Khartoum, 3036 from the sea. The joing 
the Nile about 320 below Khartoum, and these two tributaries are the 
only ones between Khartoum and the Mediterranean Sea—a solitary course 

miles), which the White Nile drains about 60%, the Blue Nile and the 
Atbara about 10% each, and these last two rivers bring down the floods 
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muddy waters during August and September; otherwise, their discharge 
covers the years 1890 to, and including, 1908, the discharges being taken 
Sarras 390 south Aswan. The mean low flow for May, the lowest 
month, was 800 (see Fig. (c)) per sec, ranging from 540 1907 
1410 1894. The high stage September, the highest month, 

inspection Fig. covering maximum and minimum stages for 
yr, suggests that equatorial cycles rainfall may shown study 
minimum stages, the clear waters which are derived almost entirely from 
the White Nile. casual examination indicates cycles between and 
yr, multiples thereof. Such opinion needs verification based original 
records. expression opinion Mr. Jarvis regarding such verification 
would considerable interest. 

The writer’s notes are based investigations made during the spring 
1909, when the height the Aswan Dam was increased that 
time photograph was taken the nilometer Roda Island, near Cairo 
(see Fig. 7). This old gauge Nile floods, granite-like column with 
ornamental capital, located well about square. said that 
when waters flooded the capital, benefits were maximum were taxes. 
When flood waters did not reach the ornamental capital, when they cov- 
ered entirely, taxes were reduced proportionately. Insufficient water reduced 
the normal crops. The excessive flood waters were harmful and taxes were 


Cairo Scientific Journal, October, 1908. 
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reduced accordingly. The diameter the gauge column now (1935) 
garden, covered with crude roof 


galvanized iron supported four 
posts, with its narrow steps grow- 
ing slimy opposite the beautifully 
carved capital the gauge column, 
and with black bottom unknown 


depth, was not specially inviting, 

but the view obtained was well 

worth the trouble. The date 
the construction this gauge was 
not determined. was said that 
when floods reached the capital, 
agricultural conditions were per- 
fect. Higher floods caused damage 
and lower floods were deficient. 
Land taxes were levied proportional 
the stages above below the 
capital, and such stages were 
excessive, taxes were levied. 
maximum tax was due when the 
flood-stage was the capital, 
range about 0.75 The low 
stages May, and the rapidly in- 
creasing floods during July and 


August, and the September peak“, Fic. Ropa 


are clearly shown Fig. 
Possibly, the Yellow River China has many features common with 


the Nile any other river the world. flows through fertile delta built 
t 288 & 
o Jan Feb Mar Apr May June July Aug Sept 
during past centuries its load silt. flows through region 


precipitation insufficient for sprouting spring plantings, and the dense 
“Pub. the Survey Dept., Cairo, Egypt, March, 1909. 
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population dependent upon irrigation. Its tributaries are small and few 
throughout its 900-mile course through its deltaic area from its western 
mountain barriers the sea. also has long-time records floods, which 
are complicated, however, the occasional destruction controlling 
Its seasonal floods lack the regularity time and volume the Nile floods, 
contrast with the Nile, which flows north and entirely free from ice, 
the Yellow River flows easterly and through some regions intensely cold 
winters. 

study the Yellow River might develop hydrological facts value 
somewhat similar the author’s study the Nile. 


some the most interesting long-time river data that have been published, 
and the author certainly deserves the thanks the profession for presenting 
them. 


The writer particularly interested the rate which the Lower Valley 
the Nile has been raised sedimentation disclosed these records. 
also curious know whether any cyclic variations are evidence. 
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Upon request, Mr. Jarvis kindly supplied large-scale prints the data 
Fig. From these the average gauge height for each decade was read and 
tabulated. Progressive 5-decade averages were then computed. The results 
are shown Fig. 

The light lines are 10-yr averages read directly from the prints. The heavy 
lines are the progressive 5-decade averages—that is, each point the heavy 


* Cons. Hydr. Engr. (Stevens & Koon), Portland, Ore. 
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line average the preceding five decades. The upward slope the 
heavy lines may taken index the rate which the Lower Valley 
the Nile being raised sedimentation. Neglecting the increased stages 
caused the construction the Rosetta Barrage and Aswan Dam the 
average rate rise practically in. per century for both the maximum and 
minimum stages. 

The highs and lows are prominent the minimum stages and are nicely 
demonstrated the progressive 5-decade line. cycle 
evidence, but high cycles alternate with low cycles irregular duration. 

Another significant point that evidenced this nearly continuous 
record and from the sporadic records isolated periods running back over 
5000 yr, there appears have been little climatic changes that can 
detected. other words, appears that the regimen the Nile present 
very much was about 5000 ago. 


Am. Soc. (by letter)—The labor and 
patience involved preparing paper this kind, are generally appreciated 
only those who have made similar attempts, and the author deserves the 
thanks the entire profession for his industry. stated the paper, 
the discharge records rivers the United States and most other places 
extend back relatively only few years. Although the Mississippi River, 
length, par with the Nile, the continuous discharge records run back 
only about 1885; the records for the Tennessee River extend back about fif- 
teen years more; that one wishes study the behavior river, its 
mean, minimum, and flood flows, the available data upon which base per- 
formance are really quite meager. some cases the analyst finds that rain- 
fall records over the drainage area river run back considerably farther 
than the discharge records, and through correlation between rainfall and 
run-off, can “piece out” flows somewhat, and thus lengthen the record 
for statistical analysis. Although one might not believe the theory 
probability applied the study river discharge, the longer the period 
embraced the observations, the nearer truth the results derived from 
them should be. 

The Nile, alone, stands out one river the world which flow data 
have been recorded for centuries. The author cites the various sources from 
which has gathered the data depicted graphically his paper. Doubt- 
lessly, there are errors the data—departures from the absolutely true data; 
but considering the nature recording and bringing together these data 
the first place, attended the plus and negative errors personal observa- 
tion, quite likely that these, well the errors arising from copying 
and translation, would tend neutralize one another, and thus leave 
array data that was fairly homogeneous, and suitable for any type 
analysis. The Nile records, therefore, extend from the present back about 
620 D., with gaps here and there, but fairly continuously from 620 1521, 
and from 1700 date, for the maximum stage the river. 


Secy.-Treas., Power Eng. Co., Minneapolis, Minn. 
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Except for casual glancing over the graphs dots and various check 
marks, and drawing from them only general conclusions, type 
can applied the data the paper unless the values are “picked off” with 
magnifying glass, which again introduces another The general con- 
clusions that can drawn are that the maximum annual stages were confined 
elevations between and 18.5 for the entire period, 620 1500 
with occasional wide departures; and that from about 1600, the stages were 
higher, culminating high values about 1860 1880. The chart minimim 
stages shows more fluctuation and depicts the secular rise the river bed, 
pointed out Mr. Jarvis. 

Using the magnifying glass, then, and suitable scale (in this case, 40), 
one can determine the ordinate values the charted data, and the information 
ready for statistical treatment. The question arises, what can 
accomplished. 

There are many adherents the practice treating river-flow data 
chance numbers, and the problem left them for their exposition. The 
writer convinced that there some law and order river discharge (that 
the data are related numbers), and will endeavor give his reasons therefor, 
followed the type analysis river flow that results from such reasoning. 

Consider the Nile River. has drainage area about 1107 227 
miles. Although record the stages the river given over long period, 
there uncertainty, nevertheless, when any departures, increases, 
decreases, may expected how long apparent trend values will con- 
tinue. search made, therefore, for all available data that might possibly 
bear the subject. Not much really known about the Nile and its behavior, 
except that its source now considered the Victoria Nyanza, with con- 
tributions from the Albert and Albert Edward Nyanzas, and the surrounding 
swamp countries close the equator; that proceeds northward, receives 
the discharge the Sobat River, which drains region heavy rainfall; 
that farther north, the Blue Nile, rising Abyssinia, pours turbulent 
flows into the main stream, giving rise the floods that have been recorded. 
The base, steady provided the White Nile, and the floods the 
Blue Nile. records are either lacking entirely are scant, being 
for only few years; that little can done correlation with 
factor. The River Atbara, rising Northern Abyssinia, discharges into the 
Nile about 200 miles north of, and into the Blue Nile at, Khartoum. 

analysis river’s behavior involves one three methods: (1) 
ing discharge data purely fortuitous; (2) using harmonic analysis; 
(3) using what finally becoming known cycle analysis. The disadvantages 
the first method are that conclusions are drawn from data embraced only 
the available record, for possible performance beyond that period; and that 
several eminent mathematicians have proved that the data are not chance 
numbers. The disadvantage the second method that, although one can 
break into component elements given curve river flow, means the 
Fourier series, the equations developed the data will not necessarily repro- 
duce the actual observed data later date. The disadvantages the third 
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cycle analysis are, that yet not completely developed, there being 
much learn; that treatise yet available that covers the subject; and 
that, due these causes, members the profession have not become 
acquainted with it. has some advantages over the other types analyses, 
however, the writer hopes demonstrate what follows. 

The principles cycle analysis will developed the writer proceeds 
with the treatment the Nile data, but deemed necessary first give 
some background show that not extravagant nor lacking consistency. 

Briefly, cycle analysis consists breaking data into component ele- 
ments, suitable reducing means, quite differently than harmonic analysis, 
and deriving certain pattern curves cycles, which are similar curves 
derived from sunspot data, giving thereby something which terrestrial 
phenomena can tied, and thus inkling what come and what 
has gone before, beyond the periods known data. 

order make any progress, research worker obliged set 
certain postulates, for without his imagination, would merely 
observer phenomena and gatherer observational data. Therefore, 
accepts the best that offered the moment. Clayton”, and 
others may all wrong their contention that the trigger action the 
varying heat output the sun responsible for the changing weather. 
Clayton’s work head the Weather Forecasting Department the Argen- 
tine Republic, some years ago (where successfully forecasted rainfall and 
temperature week advance) may not have been what was purported 
be, and the weather may purely fortuitous governed entirely 
terrestrial causes; but even granting these points, seems the writer that 
there should objection utilizing the fact that certain cycle can 
derived statistically from the sunspot numbers, varying 
depending upon the length two consecutive solar cycles, and which 
named the Bruckner cycle“; and that also similar cycle derived similar 
processes river run-off, rainfall, temperature, lake levels, identical 
its general pattern, although varying phase from place place. This 
fact phase variation, seems the writer disposes much the previ- 
ously found confusing results. 

found that the pattern weather, defined the Bruckner cycle, 
general, but with modifications intensity and fortuitous occurrence 
yearly values, everywhere about the globe, and that the phase varies, 
depending upon the location, continentality, For example, the Bruckner 
eycle detectable the flow the River Nile, exactly opposite its swings 
and down, the Bruckner cycle the Mississippi River. 

The question frequently asked: “How can the changes weather, which 
different various places, brought about any slight variation the 
solar constant, when the sun more than 90000000 miles distant?” There 


Smithsonian Miscellaneous Collections, Vol. 85, No. and Vol. 87, No. 18. 


seit 1700”, Vienna, 1890; also, Monthly Weather Review, 
Washington, C., July, 1926, and March, 1928. 
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are certain groups who maintain that not necessary depart from this 
planet find suitable agents that can cause weather change. far, 
however, this group has failed bring forward any workable procedure for 
long-range forecasting, and certainly this very thing that the engineer 
attempting when analyzes the flow river which has records for only, 
say, fifty years; and yet trying deduce its performance over longer 
period time the future. Consequently, whether not recognized, 
engineers are very much interested long-range forecasting, studying 
river, designing bridge, laying out great highway. The problem 
involved, ascertain and use, key factors design, not only the values 
the past and present, but also what will probable for some time 
come the future. 

Studying the data the Nile River presented this paper, with 
view utilizing them for cycle analysis, after several preliminary trials, 
was decided use the Lyons charted from 1788 1872, and the 
Roda gauge data from 1873 1921, for the maximum annual stages, well 
the records taken from Fig. giving the annual seasonal volume 
discharge Aswan, from 1870 1932. 
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performing the computations secure the cycles, the data are 
arranged, and manipulated outlined, Table Values the data 
are included only for yr, order illustrate the method. Use paper 
ruled with vertical and horizontal lines, and enter Column (1) the dates 
for the complete record analyzed. Column (2) are the data from 
the chart after deducting 18.00 (so yield small number possible 
with which work); call these data Now, add the first two values 
Column (2), entering the sum Column (3) opposite the second value 
shown. This Column headed “Residual No. 1”, Now, repeat 
this operation, adding the two consecutive values and writing the 
Column (4), opposite the second value before, these values being 
called can derived repeating the addition twice, and then divid- 
ing 16, but after considerable work this kind manipulation, the 
writer prefers make only two additions, shown, Rs, and then divide 
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and place the quotient one step upward Column (5), headed 
and Phase”. After derived, restored “Scale and Phase”, 
and its values are entered Column (8). Now, subtract the values 
from the original value Column (2), and enter the results, plus minus, 
Column (9), the values which are called “Stratum No. 1”, 

After the values are secured for the length the record, they are 
plotted shown, for representative part the record, Figs. and 11. 
Although the original data began 1738, the earliest value the residual 
yields for 1740. Some care must exercised adopting proper vertical 
and horizontal seales, order that the oscillating values will show 
clearly, and also that the median line, drawn through the various loops 
will sufficient scale that its ordinate values can read with 
reasonable accuracy. 

After has been plotted, shown Figs. and (Curve 1), one looks 
over the data Column (8), Table and checks the maximum and 
minimum values which will alternate through the record. Next, the median 
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line, drawn through the curve, following closely possible, the 
“yps and downs” The ordinate values now derived, are picked 
from the drawing, and entered plus negative values Column (10), 
Table Now, subtracted from the smallest cycle secured, called 
the Clough added and the values are entered 
Column (11), Table the result the Double Wolf, Hellmann, cycle. 

Before proceeding further might wise offer series definitions, 
due the undeveloped state this type analysis. The following cycles 
have all been discussed various writers, but the notation has not yet been 
established. 

Clough Cycle—This small cycle 3-yr periodicity, averagitig 
about months. very prevalent and persistent all meteorological 
data, and was discovered Clough, Clayton, and Abbot. 

Wolf, Wolfer Numbers.—These are provisional sunspot numbers; 
Wolf number empirical index number, derived from the number and area 
sunspots. The numbers are usually published after observational data 
have been slightly smoothed. 

Double Wolf, Hellmann, cycle that crests about every 5.5 yr, 
generally just before, at, after, sunspot maximum and minimum. 
variable and does not always appear consistently, although some locations 
very clear, consistent, and definite. Hellmann was one the first 
point out the maximum rainfall that twice Solar cycle. Horton 
also later. Some writers call the Double Wolf, and some the 
Hellmann, cycle. 

Solar Cycle—This the well-known cycle the sunspot periodicity. 
From maximum maximum sunspots, the period averages little greater 
than yr. This commonly called the cycle. detectable 
great many terrestrial phenomena and especially prominent lake levels. 

Bruckner cycle twice the periodicity two consecu- 
tive solar cycles, about length. was first discovered 
but him given varying length yr, the average 
value which was set yr, due the fact, shown Streiff™ 
later, that his cycle was composite the secular and the cycle two 
solar years. 

Double Wolf Secular cycle twice the periodicity the 
Bruckner cycle. First mentioned Streiff personal correspondence with 
the writer, and prominent many meteorological data, lake 
levels™. 

Secular Cycle—The long swing Wolf numbers varying length: 
The last high point was about 1856, the three previous highs were 1798, 
1704, and 1646. cycle that apparent Wolf numbers, tree-ring 
growth, varves, rainfall, temperature, lake levels, ete. Sometimes such 
small amplitude unrecognizable, certain locations. 


Monthly Weather Review, April, 1933. 
Loc, cit., July, 1926, and March, 1928. 
Lake Levels”, Jesse Shuman, Monthly Weather Review, March, 1931. 
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There are still longer and shorter cycles, but the foregoing are the most 
use analyzing the immediate past and future. Finally, looking back over 
the foregoing array cycles, the observational data oscillate above and 
below the Double Wolf cycle, which, turn, oscillates about the Solar cycle. 
This, turn, oscillates about the Bruckner cycle, which, turn, oscillates 
about the Double Wolf secular cycle; and, finally, the latter oscillates about 
the secular cycle the Wolf numbers. 

The values the Double Wolf cycle the Nile River data, from 
Column (11), Table are now plotted Figs. and 11, the same time 
Curve The break the records from 1800 1825 shown 
the charts. 

Now, after the cycle drawn, Figs. and 11, some- 
times necessary reduce further two four additional operations, 
before drawing the median line, Curve which the Bruckner cycle. 
this case, however, the further reduction seems leave the relative vertical 
positions the loops with respect each other, unchanged. Therefore, the 
median line (Curve Figs. and 11) drawn through the plotted data 
The median line, Curve (the Secular cycle) now dotted through 
the loops the Bruckner cycle, the high point being about 1860 and the 
low point, Figs. and 11, about 1915 1920. 

the top Figs. and 11, under the scale years, are placed arrows 
marked pointing upward downward, identify the times sun- 
spot maximum and minimum. The analysis now complete and the analyst 
free examine what has been developed. must kept mind that 
each plotted point (Curve 3), residual derived from five 
annual numbers, and that the actual yearly value may more, less, the 
same. general, peak the Double Wolf cycle indicates that the average 
value the five years’ data—two years before and two years afterward—com- 
bined residuation with the data for the plotted year, was maximum, 
and the troughs indicate the reverse. 

Examining the Double Wolf cycle (Curve 3), noted that succession 
peaks and troughs, oscillate about the heavily drawn Bruckner cycle. 
some places the record they occur quite consistently with respect sun- 
spot maxima and minima, but means sufficiently that one could 
rely upon the recurrence. The peak 1861 occurs one year after sunspot 
maxima; 1870, occurs exactly that date, well 1883; but 
one year delayed 1893, that the case the Nile River, the Double 
Wolf cycle can used for purposes forecasting only general sense. 

noticed, however, despite the secular rise the river’s bed, 
depicted the records the minimum stages Fig. the paper, that 
the period centering around 1870 represented high point, increased flood 
conditions, and that the period about 1905 represented decreased condition 
flow. The Bruckner cycle derived the flow records the River Nile, 
are just about, not exactly, phase with the Bruckner cycle sunspot 
The graph shows that the behavior the Nile River very 


Soc. E., Transactions, Am. Soc. Vol. (1931), 379. 
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strongly influenced the Bruckner cycle. The data ended 1921, and the 
last plotted date was 1919. The question arises, can any 
these cycles extended into the future, with any The answer 
would have negative, these data were all that were available. Fortunately, 
however, there are many other data which perform similar analyses, 
and results that can compared with those the Nile River. After turn- 
ing point has been developed cycle, can extended with considerable 
accuracy; hence the necessity cross-identification with data from else- 
where, the phase which may differ, and upon which certain cycle may 
have reached turning point. 

The writer has taken data tree-ring growth from Douglass™, for cer- 
tain tabulation named “Flagstaff High (F.L.H.) trees”, and using 
the same type analysis, derive the Double Wolf cycle, and, subsequently, 
drawing median line through the various loops, the Secular cycle shown 
diagrammatically was secured. will noted that the wet 


1646 1670 1704 1766 1798 1822 1856 1918 


periods were 1646, 1704, 1798, and 1856; that the dry periods were 1670, 
1766, and 1822, and that the last dry period centered around the date 1918. 
The tree-ring data did not extend far enough get this last date, 
about 1932, the writer thought that this last date should about 1905 1910; 
but examination data from varied and widely placed sources, has led him 
believe that the date must about 1918. Then, too, another confirmation 
has only recently been given this date. Halbert Gillette, 
Am. E., certain chiefly the and 152-yr cycles, was pre- 
sented Los Angeles, Calif., June, 1935. The analysis used. herein 
will not develop this 152-yr cycle, but examining Fig. 12, giving the Secular 
eycle tree rings, will noted that from 1646 1798 (two Secular cycles) 
lapse 152 yr; from 1704 1856 (again two cycles) 152 yr; further; 
more, from 1670 1822 152 yr. This remarkable consistency, genuine, 
would set the last low the Secular cycle 1766 plus 152 1918, and the 
next high 1798 plus 152 1950. record meteorological data 
examined recently the writer seems confirm this last low date about 
1918. This low the point the Secular cycle, which threaded 
through the Bruckner will low the Bruckner cycle 
before, and after, the low the Secular cycle. 


Cycles and Douglass, Vol. The Carnegie Insti- 
tution Washington, Washington, 1928. 


ber Cycles That Cause the Present Drought”, Halbert Gillette, presented 
efore the Annual Meeting the Am. Meteorological Los Angeles, Calif., June 26, 1935. 
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Now, having some conception what the Secular cycle like, and the 
relative magnitude its previous highs and lows, the student position 
draw some conclusions about the behavior the Nile River, and make 


Fic. AND SECULAR CYCLES 


some extensions beyond the times the recorded data. Fig. diagram, 
showing the Bruckner cycle the Nile River from 1740 1960. The actual 
data analyzed ran from 1738 1921, with break from 1800 1825. The 
diagram shows the highest period 1870, the low period that must have 
about 1800 (before and afterward), and the low period centering 
around the low turning point 1918, that is, the low the Bruckner cycle 
1905 and again the probable low the Bruckner cycle 1930. The next 
probable high period maximum stages will center around 1940 1942 and 
conditions may equal those the 1892-94 period; or, the behavior 
erratic, even those the 1870 period. These ideas are indicated the 
trends the Bruckner cycle oscillating the Secular cycle. 

Fig. 11, the bottom, with the same time scale, shown graph 
the Double Wolf cycle and the Bruckner cycle, the Mississippi River data, 
taken Arkansas City, Ark., for annual maximum gauges. The data this 
river run back only about 1885. Note that the Bruckner cycle this case, 
just opposite phase the Bruckner cycle the Nile River. During 
the early Eighties, the Mississippi River had severe floods; whereas the Nile 
River was lower then than before afterward. The last great flood the 
Mississippi River was 1927, period that must have had relatively moderate 
stages the Nile River. other words, the Bruckner cycle the Nile 
River, ahead (leading) the Bruckner cycle the Mississippi River 
one-half the Bruckner cycle period—about yr. The performance 
the Mississippi River, general, can forecast from the behavior the Nile. 
For example, the high stages the Nile 1870 were followed the Missis- 
sippi River about 1882 and 1883; the low stage the Nile 1883 was fol- 
lowed the Mississippi River about 1895, ete. Judging from past per- 
formance, the comparison the Nile River and Mississippi River cycles, 
indicates that the high stages the Nile 1917 would followed the 
Mississippi River about later, with real flood stages. The great 
flood 1927 the Mississippi River, came just ten years later. The low 
condition the Nile 1927 would lead one expect downward trend 


Seasonal Values in Ten Thousands 
of Cubic Meterc 


Variation in 
cu ff per sec 


Hi 
Numbers 
Wolf 
Records Missing 
Sunspo' 
x x Maximum x x x 
Minimum 
N N N N N N iN N N N 7 
1740 50 60 70 80 90 1800 10 20 30 40 50 60 
Year 
a 


SHUMAN FLOOD-STAGE RECORDS THE RIVER NILE 1059 


the Mississippi River flood conditions until about 1940 (bearing mind, 
however, that frequently real flood occurs close the low point the 
Bruckner cycle, 1897, etc.) 


Cycle 


ANNUAL GAUGES, NILE RIVER. 


Fig. has been prepared show comparison between the Nile River 
and the Mississippi River, using for the Nile, the data from Fig. seasonal 
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discharge Aswan, and for the Mississippi River, the mean annual flow 
Arkansas City. the Nile graphs (Fig. 14(a)) the Bruckner cycle lags about 
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one year with the same cycle sunspot numbers, nearly not phase 
(although the writer has circles each turning point the 
Bruckner cycles shown all the graphs this must under 
stood that probably impossible define the actual turning point accu- 
rately, least with the type mathematical procedure used herein. The 
circles are placed simply give accent the change the trend that 
region.) 

Although the Secular cycle has not been drawn in, inspection readily 
indicates that present the data. For the Nile River, the Clough cycle 
shown, secured subtracting from (not shown herein). The algebraic 
sum and the Clough cycle equals the yearly discharge value. 

The same cycles for the Mississippi River are shown Fig. 14(b) well 
the annual values connected lightly drawn line. this case, 
the case Fig. 11, the same opposition phase the Bruckner cycles 
evidence. The Bruckner cycle trending downward low point about 
1940, although peak value expected before that time, 
magnitude considerably less than that 1927. 

illustrating the varying level Victoria Nyanza, the source 
the White Nile, and the variation the rainfall that region are shown 
Fig. 15. The sunspot maxima and minima are marked the time scale, 
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and the dotted line drawn freehand through the lake levels the Solar cycle, 
which beautifully clear. Note that the lake levels are peak always 
the sunspot maximum. 


Original data Mr. Brooks, and later reviewed Alfred Henry 
Monthly Weather Review, Bureau, Washington, C., March, 1924. 
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The outflow this lake forms the base flow the Nile, but there appears 
but little correlation, would expected, between the graphs the 
river and the lake. If, however, comprehensive rainfall records were avail- 
able, distributed over the drainage area the Nile River, their statistical 
treatment taken conjunction with that the river, would yield immensely 
important information. This importance would further enhanced if, 
addition, records for temperature were included, and similarly treated, because 
temperature primary factor, whereas rainfall secondary. For this lake 
Brooks found” that the correlation coefficient between the lake levels and 
rainfall was 0.92, and between lake levels and sunspots, 0.80. 

The annual flood stages the Nile River are great importance 
Egypt, and bringing together the data described his paper, the author 
has placed the disposal the profession valuable information, gleaned 
great pains, which should ultimately lead new interpretations. mean 
monthly flow records were available for period years, this type analysis 
would enable one forecast the probable mean flow for the ensuing future 
year with considerable accuracy. this discussion the author’s records have 
been treated only back 1738, and believed that sufficient knowledge can 
deduced from this range values because, although the the 
River Nile may affected the various causes, pointed out the author, 
the writer wishes suggest that any such change behavior would 
gradual; that comparing values to-day with those 4000 ago, 
when the average annual flood stages were about higher than present, 
the differences encountered would historical interest only. One would 
not need consider the old records designing dam other controlling 
works, which will endure probably not more than 150 200 yr. 

Cycle analysis presents conception the variation weather regis- 
tered the river’s flow, and suggests that extreme values, high low, are 
not suddenly brought about, but are approached oscillating, pyramiding 
manner, culminating the extreme value. 

not yet 450 since Columbus discovered America, that struc- 
ture this country that old. Prime movers are likely become obsolescent 
about yr, and the life concrete dam 200 yr. any 
confidence can placed analysis river’s flow, that attempts 
relate with the changing weather, follows that only values embraced in, 
say, 200 300 yr, are necessary for any type analysis. Great catastrophies 
such those the past, probably did not strike from clear sky”, but were 
the culminating point stormy period greater intensity than normal, 
and which developed gradually enough so, that with proper knowledge, due 
warning their approach was given. 

The Ministry Public Works Egypt, discussing the hydrology the 
Nile Basin, that these records the flow the river have been 


Geographical Memoirs No. 20, Air Ministry, Met. London, England, 1923. 


“The Nile Basin”, Vol. Physical Dept. Paper No. 26, Govt. Press., 1931, Cairo, 
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analyzed for periodicities, and periods small amplitude have been 
Quoting: 


“They are, however, masked irregularities useless for fore- 
casting purposes. connection exists between conditions the South 
Atlantic and the Nile, but the present has not been possible make 
forecast the flood which sufficiently reliable for practical purposes, 
However, the science meteorology develops and the nature the mech- 
anism producing the flood becomes known detail, may possible some 
day produce accurate forecast the nature the flood some 


The writer has already called attention the connection that must 
weather different places, the reflection which given river perform- 
ance (for one index). appears from the foregoing quotation that the 
authorities charge the controlling works the Nile are cognizant this 
fact and are working with it. The connection the long swings, defined 
the Bruckner cycle, has been demonstrated Fig. between the Nile 
and the Mississippi Rivers. Doubtlessly, further search would bring light 
other connections. 

the entire record the Nile back 620 were analyzed secure 
the described herein, interpretations their probable effect upon the 
economic life that region could made recourse the vast storehouse 
ancient literature that exists, which mentions here and there conditions 
that are ascribable the Nile’s behavior the time. This river alone seems 
have not only very long record but also the written history the times 
accompany it, that the field should very fruitful. 

Pharaoh Necho (610 C.) was the first attempt create 
connection between the two seas (Mediterranean Sea and Red Sea). Hero- 
dotus records this effort. The canal tapped the Nile Bubastis, near 
Zagazig, and mention made that the Red Sea extended farther inland then 
than present. The length this canal was computed Pliny about 
English miles. Herodotus states that its construction cost the lives 
120000 men. Due adverse Oracle, warning that might provide too 
easy means for approach Egypt, the project was abandoned. Note that this 
was period ample water the Nile. The canal was restored under 
Ptolemy Philadelphus (285 and locks and sluices were used. This 
period also had ample water. Under Cleopatra (31 the canal was 
impassible low-water period). ‘Emperor Trajan (98-117 D.) found the 
Pelusiac Branch the Nile very low, with practically water. tapped 
the Nile very much farther stream. 

Ptolemy wrote, 150 D., the first clearly intelligent account the 
origin the Nile, something that had always been great mystery. 
writes the two lakes, Victoria and Albert Nyanza, and the Mountains 
the Moon. less than 1170 had elapse before justice could done 
this ancient geographer, and his account verified. 

When one scans the history regions not greatly remote from Egypt, 
and notes the vicissitudes climate they have endured, significant that 
the records the Nile disclose such changes—merely changes the 
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weather. was evidently with good reason that Egypt, with its droughts 
and famines notwithstanding, was good place which live, contrast 
with other not far distant regions, the flow the Nile River being uniform 
enough that even its low periods, carried sufficient water keep the 
nation from migrating. 


GHALEB,” (by 1926 the writer has been 
connected with the nilometer Roda Island, behalf both the Irrigation 
Department and the Committee for the Preservation Arabic Monuments. 

1925, the column the nilometer subsided about and became 
detached from its upper support; was propped up, prevent from falling. 
December, 1926, pulsometers were used unwater the well, fix 
the column position but, when the water level was lowered about 
from the bottom the well, dangerous cracks appeared the walls and 
the unwatering had stopped lest the entire structure collapse. The 
Egyptian Parliament voted £20 000 (Egyptian) the financial year beginning 
April, 1929, for the repair and restoration the monument (see Fig. 16), 
well the expropriation land surrounding it. 

The column octagonal marble pillar with enlarged base; the capital 
addition, probably the Eighteenth Century. The engineer who erected 
the column 861 A.D., has left full description its graduations. 
states that divided into equal cubits; fact, the upper end 
the cubit just below the capital inscribed relief, Cufic 
characters, the words, “nine (&) ten cubits.” far has been ascertained, 
the column broken three pieces: The top break, which indicated 
the drawing made during the Napoleonic Expedition, has been well 
repaired; the two ends the lower break have been badly joined together, 
and the corresponding cubit now measures only instead the usual 
length the case the Suez Canal, the French savants 
attached the Expedition, who have left such wonderful detailed record 
the monument, made extraordinary mistake; the Canal they had 
found great difference levels between the Mediterranean and the Red 
Seas; the Roda nilometer they mistook the top cubit for the sixteenth; 
and one them—the famous scholar, Marcel—when returned 
take service Egypt years later, indicated that mistake and read the top 
the seventeenth. When the well completely unwatered will 
possible ascertain whether the French embedded the lowest part the 
column, whether they replaced the floor, formerly, and simply 
neglected take account its base counting the number cubits 
the top. 

However that may be, the reason for the apparent unpredecented rise dur- 
ing the final century record another cubits, mentioned the paragraph 
following Table the paper, can now easily explained; the full cubits 
suppressed the French savants, become cubits the readings for the 
maxima stages the river, which are above the sixteenth cubit, where half 


Irrig., Lower Egypt, Cairo, Egypt. 
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cubits are read full cubits. The French thought accordingly that lands 
watered the beginning the Nineteenth Century, when the Nile was 
cubits, were previously irrigated between and cubits. Another 
similar error seems current now; stated the paragraph following 
Table the paper, that the flood-stages that indicated assurance 
plenty progressed gradually from cubits the Roda gauge. This 
statement must due confusion the translation the 
chronicles, the three stages the rise the river corresponding with the 
three categories into which the agricultural land Egypt was divided being 
taken for one stage only. 

The low lands were watered when the Nile reached cubits; the middle 
lands were irrigated cubits; and the high ones cubits. 
each these stages there was special festival, and water was 
let into canal the cutting cross-bank. The first these festivals 
was for the mentioned Mr. Jarvis, the second was for the 
(the New Year’s day the year, which has now 
become the beginning the Coptic year); and the third for the 
which falls seventeen days after, and which now also kept religious 
Coptic festival. 

far historical times are concerned, the cubits the Nile have 
allowed sufficient supply; that is, there was chance starvation when 
that level the river was reached. The Arabs, conquering the country, 
adopted this same criterion and the “wafa.” Consequently, there 
has been rise the level the water required irrigate the land and, 
therefore, that land itself cannot have risen appreciably. The writer con- 
siders that deducing the secular rise the Nile flood-plain dividing 
the thickness local deposit number centuries results showing 
Egypt much younger than really and that (as mentioned the 
author under the heading “The River Nile Egypt”) other methods 
reckoning, etc., almost invariably indicate much longer periods 
development and are more accurate. 

Fig. shows the niches the western wall the well which the 
gauge-reader was guided the beginning the rising flood; the “wafa” 
stage was reached when the water attained the small bottom niche the 
right, the sixteenth cubit coincides with the bottom the rounded cornice 
which touches the top the arch the main opening. that stage 
the column could only indicate the thirteenth fourteenth cubit due the 
misreading the graduations; that is, considering the highest cubit 
the sixteenth the seventeenth instead the nineteenth. This led the gauge 
reader add the difference the “supposed” correct reading the columm, 
and also consider the length the cubits from the sixteenth the twenty- 
second one-half that the ordinary cubits (this method reckoning 
imaginary, there are such graduations those mentioned the text 
following Fig. the paper; amusing note how scientific meaning 
attributed popular error). The seventeenth coincides 
with the bottom the lower Arabic inscription and the highest niche. 
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The Egyptian peasant may illiterate, but has known, from time 
immemorial, the level which his land watered; will say, for example: 
“My land irrigated the fifteenth cubit” meaning that will get its 


WALL WELL SHOWING METHOD GRADUATING THE NILE 


water when the Nile rises that cubit. This actually the case for the land 
still remaining under basin irrigation Upper Egypt. the custom 
design the level the floor head-sluice flood canal given cubit, 
corresponding the level the land has water. seems futile, 
fore, resort the exaggeration the Nile flood levels and create false 
records for increasing revenues; “bad” government can force peasants 
pay undue taxes without resorting such farce. 

The Roda gauge records under review indicate the yearly highest and 
lowest readings the level the Nile Cairo. The minimum readings 
that used occur May and June (it has even happened that the Roda 
branch the river has been quite dry certain years) have been affected 
the regulation the Delta Barrage during the latter part the Nine- 
teenth Century and, from the beginning the present century, the stored 
water Aswan has also had its effect. Consequently, the bottom under- 
ground-water passage the well the eastern side now inaccessible and 
probable that the short top tunnel (which not indicated the 
drawing the atlas prepared the French Expedition) was added 
the middle the Nineteenth Century replace it. The maximum levels 
might have been slightly affected certain years the emptying basins, 
but the greatest error that must corrected that due the misreading 
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the graduations the column; will fortunate can proved 
that the pillar was considered originally designed (that is, cubits), 
until the end the Eighteenth Century. 

From the Napoleonic invasion onward, the records are unreliable, and 
necessary know the period during which the readings were made 
column the top cubit which was considered the sixteenth; then 
necessary know the date which became the seventeenth cubit. 
When was the column broken anew and one its cubits considerably short- 
ened? When were the sixteenth the twenty-second cubits considered 
half 1887, metrical scale was fixed the Roda branch the 
Nile; the readings that scale are trustworthy, but their conversion cubits 
gives false results. The two following examples are the point. 

Garstin the Under Secretary State for the 
Irrigation Department, when comparing the flood 1892 with those 
previous years: “The recorded maximum gauges 1874 and 1878 are 
appallingly high, but more than probable that they are exaggerated, 
and incorrect.” Referring the year 1887, Sir Garstin continues: “Work- 
ing the above lines, may then assumed that the maximum height 
reached Roda was cubits digits 1874 (instead cubits digits 
recorded) and cubits digits, 1878 (instead cubits 
digits).” 

Example Sir William Willcocks was editing Arabic tech- 
nical review the early Nineties, one his party engineers (engaged 
precise leveling connection with the fixing the site for the Aswan 
Dam) contributed article land levels Egypt. Among other items 
information states that, October 15, 1893, the gauge reading 
the Roda nilometer was cubits digits, which corresponds level 
18.04 according the method reading indicated Falaki (the well- 
known astronomer), whereas the reading the 1887 metrical scale 18.50 
Where the truth? 


this paper’s presentation indicated the various discussions, each con- 
tributor working painstakingly along separate thread and apparently disen- 
tangling some the knots, has amply repaid the writer for the effort. 

Mr. Gillette’s views regarding cycles affecting rainfall and related 
phenomena are the product many years study this field, and deserve 
serious consideration. Mr. Davenport’s studies have resulted definite con- 
tributions the science hydrology, particularly applied the River 
Nile. His comparsion the Nile with the Mississippi River and also with 
the Colorado River enables one visualize the Nile floods more clearly and 
account for their seeming regularity. 

Both Mr. Hurst and Mr. Ghaleb are particularly equipped with informa- 
tion gained from actual experience, contrast with that collected from 


the High Flood Egyptian Govt. Press, 1893. 
Engr., Soil Conservation Service, Washington, 
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technical research and forming the 
basis this presentation. 
the differences viewpoint and opinion 
between two qualified observers, such 
these, are interesting and 
tive. Perhaps the graduations the 
Roda nilometer will better under- 


be 


Ww 
Half Cubits 


18.97 stood reference Fig. 

18.70 Mr. Means was engaged study 

the Nile River flood records about 

the same time that this was 
being prepared. His personal 
duty and travel there some years ago 
probably fitted him for discussing the 
broad phases the Nile River dis- 
charge clearly and authoritatively. 


54 


Mr. Beardsley’s personal observations, 
including the photograph which 
furnished (Fig. 7), showing the Roda 
nilometer, are valuable contributions; 
likewise, his drawing constituting 
Fig. 

The significance Mr. Stevens’ 

work smoothing out the entire 

record means both 10-yr and 
50-yr averages should 
each reference it. Mr. Shuman has 
made strikingly clear exposition 
his theories regarding the applicability 
various cycles the Nile flood 
records, and has added some significant historical notes. 

During the preparation the paper, the writer found the work making 
complete statistical analyses the records the various centuries too exten- 
sive and time-consuming complete before publication. has since com- 
puted all the arrays, with plotting positions computed according the modified 
California method.“ remarkable how nearly coincident the first seven 
eight centuries record are thereby proved be, with gradual displace- 
ment upward keep pace approximately with the known sedimentation rate 
the Lower Valley. Fig. portrays the flood-frequency trends for both 
the earliest and the latest century record, and also for the 1173 items 
representing the period. 

reference the statistical arrays covering the thirteen centuries 
record, found that, the annual flood heights registering 
more, above mean sea level observed the Roda gauge, these occurred 


Memoirs, Inst. Egypt, Vol. 1925, Pl. 21. 
Water Supply Paper 771, Geological Survey. 
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during the Thirteenth (or final) Century, whereas occurred during the 
Twelfth, during the Eleventh, during the Tenth, and during the Eighth 
these consecutive centuries. the total number annual flood heights 


Periodicity or Average Intervals between Events of A ~~ . of Magnitude, Expressed in Years 
1 2 5 10 20 25 100125 200 250 500 
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5.0 — B, Based on 1173 Items Purporting to be 
Maximum Annual Flood Stages During A ai 


Curve C, Based on First Century of te 
Complete Array for 100 Years, 622 to 721 A.D. 
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Excess Elevation of Annual Floods above 15 Meters, Mediterranean Mean Sea Level at 
Alexandria, Egypt, As Observed at Roda Gauge, Cairo; Excess is Expressed in Meters 


Fic. FREQUENCY TRENDS THE NILE RIVER RODA FOR 


above 18.00 the tabulated totals for the respective centuries, listed 
chronological order, are 24, 20, 22, 18, 24, 44, 67, 79, 32, 37, 61, and 96. 
Except for the Tenth and Eleventh Centuries, all are complete, within one 
two items complete century records. The Tenth and Eleventh Centuries 
have only and items, respectively, and should combined for compari- 
son with other century records. The number annual flood events register- 
ing lower than 17.00 for the consecutive centuries presents another series; 
thus 11, 20, 11, 13, 1,.1, and 

The foregoing references the statistical arrays and plottings the data 
heretofore presented this paper and known affected errors and 
elements opposed comparability and homegeneity, are made for the purpose 
presenting results tedious calculations that others may avoid 
repetition the process. 

Careful comparison Roda gauge heights attained annual floods since 
1870, with flood volumes, total annual discharge, shown Figs. and 
the paper, should convince the most skeptical that Nile River flood peaks 
are usually fair indications either the four-month flood discharge, the 
annual volume passing the respective gauging stations (see Figs. and 21). 
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Maximum Annual Flood Stages of the Nile 
Meters above Mean Mediterranean Sea Level 


Four - Months Discharge 
(July to October Inclusive) 


Nile River Discharge Volumes 


Bilions of Cubic Meters Measured at Aswan 
Nile River Discharge Volumes 
\Millions of Acre - Feet at Aswan Gauge 


Years of Record 
Fic. FROM AND FOR COMPARISON AND CORRELATION. 


22 


Note: The Maximum 10-Day Averages Shown 
as w, are Obviously Less Than the Flood 
Peaks, Therefore all of the Data Represented 
by the Symboil ~ Would Displace to the Right 
if the Peaks for Those Years Were Available 
for Plotting by Means of the Symbol A, and 
the Correlation Would Thus be - 
improved. 


20| Annual River Stages 
at the Aswan Gauge above the. t= 
Assumed Datum, 71.0 m, or 
232.9 ft, above Mean 
Mediterranean Sea Level. 


— Observed Flood Volumes of 
the Nile River at Aswan, 
July to October Inclusive 


© Annual Discharge Volumes 
of the Nile River at Aswan 


Meters above Mean Mediterranean Sea Level 


Maximum Annual Flood Stages of the Nie at Roda Gauge 
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However, the textual notes available several instances are men- 
tioned which the peak attained “wafa”, but receded promptly cause 
famine and distress; or, having attained moderate stage, continued thus 
spite the use portion for basin irrigation, and brought bounteous 
Generally, however, the high-flood peak meant plentiful water supply 
and full harvests, unless the stage was too high; and low-flood peaks meant 
famine and privation. Throughout the ages history, the gifts the Nile 
have been numerous, and reasonably dependable. 


Memoirs, Inst. Egypt, Vols. and pub. about 1925. 
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Synopsis 

The question the distribution stress the ground under foundation 
has engaged the attention engineers for many years. The problem has 
been studied both theoretically and experimentally and the purpose 
this paper compare theory and experiment and indicate several important 
factors which must considered when problems this kind are being 
analyzed. The symbols this paper are introduced the text they occur 
and are summarized for reference the Appendix. effort has been made 
conform essentially with “Symbols for Mechanics, Structural Engineering, 
compiled Committee the American Standards 
Association, with Society representation, and approved the Association 
1932. 


and Testing Materials 


THEORY 


The problem determining the distribution stresses and strains 
semi-infinite, elastic, isotropic solid, bounded plane and loaded point 
that plane single concentrated force, was first solved Lamé and 
not long after the discovery Navier the differential equations 
elastic equilibrium. Their solutions the form quadruple integrals 
are little use for practical More recently the problem was 


Mgr., Raymond Concrete Pile Co., Chicago, Ill, 


des Sciences Paris, 1833, Tome IV, 541. 
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developed considerable detail His solutions are much more 
usable than those the older elasticians and have become well known that 
the entire problem often referred the “problem 

Fig. shows the distribution stresses across planes parallel the sur- 
face given The external force, applied perpendicularly 
the plane boundary the semi-infinite solid produces stress the direc- 
tion the radius vector, the magnitude which per unit area any 
plane parallel the surface given the expression, 


which the depth from the surface the plane for which the calculation 


Plane Boundary of 
solid 


FOR DIFFERENT VALUES 


with any plane parallel the surface, this stress may resolved into 
three components shown. The equations for thesé components given 


and, 


evident from Fig. that the two horizontal components, and py, are 
shears and that the vertical component, normal stress. also 
noted from Equations (2) that elastic constants are involved. connec- 
tion with these two facts little further explanation seems desirable. 

The three stress components given Equations (2) apply only hori- 
zontal planes, that is, planes parallel the boundary plane the semi-infinite 


*“Application des Potentiels Mouvement des Solides 
Paris, 1885. 
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solid. For planes having other directions the stress disttibution depends 
the elastic properties the material. the general case the complete speci- 
fication stress point within the solid would require six components 
stress, three being normal stresses and three being shears, and the elastic 
constants the material appear some these equations. Because the 
fact that Equations (2) not include any elastic constants, the statement 
sometimes that the distribution stress independent the type 
material. This not exactly true and Boussinesq himself, after calling 
attention the non-appearance elastic constants the equations, 
that the distribution stress across planes parallel the surface the same 
all solids. 

long ago 1897, August arrived the conclusion that the 
behavior earths under load was not exactly accordance with the theory 
elasticity. attributed this the fact that the stresses and strains 
earths are not proportional the manner required the assumptions 
and, 1932, Dr. Ing. Froehlich,” published stress equations involving 
parameter which may adjusted suit materials other than the elastic 
solids. The two derivations differ several important respects, but 
each makes use the necessary condition equilibrium between the summa- 
tion the vertical forces within the solid and the load applied the surface. 
the notation Fig. the equation given these writers for the vertical 
stress is, 


(3) 


which parameter that may have different values for different soil 
structures and loading conditions. When Equation (3) exactly the 
same Equation (2c). other words, for elastic isotropic solids stressed 
within their elastic limits, the value the parameter, also 
obvious from Equation (3) that the stress the vertical center line the 


The general form the bell-shaped stress surfaces computed from Equa- 
tion (2c) well known, and Fig. shows the effect produced these sur- 
faces varying the value Because this effect, sometimes called 
concentration factor. considerable importance problems relating 
earths and deserves much more attention than has received. 

generally conceded that the vertical normal stress, pz, the only 
one that needs considered far practical problems relating the 
settlements foundations are concerned. Its maximum values occur 
points the vertical center line the loaded area and 0), where 


Report the Committee Earths and Foundations, Proceedings. 
Am. Soc. E., May, 1933, 


die Elastizitit des Erdbodens,” Zentralblatt der Bauverwaltung, 


under Substructures,” and Contracting, March, 1929, 
pp. 


Bouwgrond,” Ingenieur, April 15, 1932, B-52. 
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the shears vanish entirely. the analysis which follows only the vertical 
normal stress the vertical center line the load will considered. 

The factor, Equations (1), (2), and (3), concentrated load 
applied single point the plane boundary. practical problems relat- 
ing foundations necessary calculate with loads distributed over 
certain part the plane boundary. Boussinesq™ discussed number cases 
distributed loads and there have been additional contributions the sub- 
ject later writers. The simplest case that load uniformly distributed 
over circular area. For bearing areas other than circles and for loads non- 
uniformly distributed the integrations become increasingly difficult. Inas- 
much the experiments discussed subsequently herein were made with circu- 
lar plates, the theoretical analysis will made for the circular bearing area. 
Two types loading—uniform and parabolic— will considered. 

Fig. representation plan and section load uniformly dis- 
tributed over circular bearing area; and Fig. 3(b) similar representation 


Uniform Distribution 


(6) Parabolic Distribution 


DISTRIBUTION CIRCULAR BEARING ARBA. 


parabolic distribution that maximum the center and zero the 
edges. Four different cases will analyzed and each case formula will 
derived for the vertical normal stress the vertical center line the load 
small element area (Plane m-m, Fig. 3), depth, below the 
plane the load. 

Case Distribution 3).—This case has been developed 
The formula for the vertical normal stress produced concen- 


und Zwang,” Vol. 205. 
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Using the polar co-ordinates, and shown Fig. the total load 
distributed over the circular area will given by, 


r=r @=2T7 
r=0 


which the density the uniformly distributed load. should 
noted that Equation (4) gives the volume the circular disk height, 
From Fig. there also the obvious relation, 


r=r @=2T7 


“ f cess (6) 


r=0 
Integrating and simplifying: 


Case Distribution 6).—Equations (4) and (5) also 
apply this case and they may substituted Equation (3) when 


r=0 
Integrating and simplifying Case the resulting formula identical 
with Equation (7), except that the three-halves power becomes the third 
power; that is, the quantity simply cubed. 

Case Distribution equation for the vertical 
normal stress due concentrated load again expressed Equation 
when andz order that Case III may comparable Case 
necessary find paraboloid revolution with volume equal that 
the disk Case These volumes represent the total load the 
bearing area. The equation the parabola (Fig. 3(b)) will taken as: 


The volume the paraboloid then: 


p= 2p. 
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which also the volume the disk. Using the polar co-ordinates, and 
the total load now given by, 


r=r 0=27 


Equation (5) applies also this case and, when Equations (5) and (11) 
are substituted Equation (3) (with and d), the formula for 
the vertical normal stress becomes, 


r=r @=2T7 


Equation may expanding the quantity the square 
brackets binomial series, then multiplying, and, finally, integrating term 
term. This process leads the equation, 


4\d 4x8\d 4x8x10\d 


which infinite series convergent only for and, therefore, can used 
only depths greater than the radius the loaded area. 

‘Case Distribution (5) and (11) apply 
this case, and they may substituted Equation (3) (with and 
d), giving, 

r=r 


and simplifying III, the resulting formula identical with Equa- 
tion (13), except that the numerical coefficients corresponding quantities 
transformation trigonometric functions, has derived expres- 
sions similar Equations (12) and (14) closed form instead the 
infinite series Equation (13) and its parallel Case IV. 

Equations (7) and (13) and their respective parallels Cases and 
may used make theoretical calculations for comparison with the stresses 
measured the experiments. 


Among the earliest experiments made determine the distribution 
vertical normal stresses horizontal planes various depths beneath 
loaded disk, were those Prague, 1879 (see Table 1(a)). 


195, Leipzig, 1882. 
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These experiments were made with sand and the bearing area was circular 
disk diameter. 1909, Graz, Austria, experi- 
mented with small circular disks 1.5 diameter, subjecting them loads 
few kilograms experiments with sand and mea- 
sured the vertical normal stress horizontal planes depths about 
below the plane the disk. Goldbeck, Am. Soc. E., made similar 


Te centages in inches | joaded | centages in inches Te 
Inches Inches plate of De of Pe 
13.2 6.2] 10.0 3.9 | 2.64 43.0 30 36 1.67 74 48 7.11 4.28 
18 36 1.00 160 Average | .. 4.17 
60 8.89 2.86 
2.0 0.8 1.5 0.6 2.67 38.3 1.60 101 Average 2.51 
3.0 1.2 1.5 0.6 | 4.00 17.8 18 30 1.20 13 
4.0 1.6 1.5 0.6 5.33 9.9 0.80 199 
(c) Kéaizr anv Scuurpie; Szarms I 30 21 2.86 38 
24 21 2.28 72 6 1.5 116.5 
18 21 1.72 108 6 1.5 98.3 
20.0 33.9 13.3) 1.18 128 1.14 139 1.5 93.9 
30.0 | 11.8] 33.9 | 13.3 | 1.77 76 aan 6 1.5 94.5 
40.0 | 15.7] 33.9 | 13.3 | 2.36 41 (/) A. T. Gotpssck; Serres I 6 1.5 94.3 
50.0 | 19.7] 33.9 | 13.3 | 2.95 30 |} Average 90.5 
60.0 | 23.6] 33. 13.3 | 3.54 21 12 13.5 | 1.78 79 
12 13.5 | 1.78 75.7 12 3.0 36.7 
12 13.5 | 1.78 81.5 12 3.0 49.1 
(d) anv Scuerpia; II 12 13.5 | 1.78 89.1 12 3.0 45.5 
81.5 3.0 45.0 
13.5 19.8 Average .... 4.1 
10.0 3.9 | 45.0 | 17.7 | 0.45 220 24 13.5 | 3.56 26.7 24 6.0 8.33 
20.0 7.9| 45.0 | 17.7 | 0.89 100 24 13.5 | 3.56 25.7 24 6.0 8.33 
30.0 | 11.8 | 45.0 | 17.7 | 1.33 80 Average | .... 24.1 24 6.0 7.22 
Average 9.5 9.0 3.33 
9.0 3.33 
9.0 3.93 
Average .... 3.53 


experiments,” 1917, the United States Bureau Public Roads (Tables 
1(f) and 1(g)). For bearing areas Goldbeck used circular disks different 
diameters in. and 13.5 in.) and measured the stresses transmitted through 
sand depths in. below the plane the load. the University 
Enger, Am. Soc. E., conducted further 


Sitzungsberichte Kais. Akad. Wissenschaften 
Wien, Vol. 71, Abt. Ila, February, 1912, 299. 


Pressures through Earth Fills,” Proceedings, Am. Soc. for Testing 
Materials, Vol. 17, 1917. 


Progress Report the Special Committee Stresses Railroad Track. 


Am. Soc, E., Vol. LXXXIII (1919-1920), 1409, and Vol. (1929). 
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the same kind, using circular plates various sizes in. diameter 
(Table 1(e)). Freiburg, Germany, and Scheidig have concluded 
extensive experimental which included the measurement 
stresses produced sand fills loaded plates top the sand (Tables 


1(c) and 1(d)). 

Values Column (4), Table are the measured vertical normal stresses 
the vertical axis the loaded area, expressed percentage the average 
load the bearing area. The average load simply the total load applied 
the plate divided the area the plate. 


LEGEND 
Strohschneider 
@ Kégier and Scheidig - 
© Goldbeck - Series I 
® Goldbeck - Series II 
© Enger 
4 Steiner - Kick i 
4 Kégier and Scheidig - Series II 25 | 3.75| 3.75) 25 
3.751 6 ; 6 13.75 
-+-4-— + 
2.5 13.751 3.75! 25 
! 
120 140 (d) Non-Uniform Distribution 
Vertical Normal Stresses on Center Line as Percentages of p, in Kips per Square Foot 


000 


Fig. graphical representation these experimental results, together 
with the four theoretical curves represented Equations (7), and (13) for 
Cases and III, and their parallels for Cases and IV. Before considering 
the relationship between the curves and the experimental points, desirable 


notice several remarkable facts about the experiments themselves. time, 


Baugrund,” Bautechnik, 1927, Heft und 81; 1928 
Heft und 17; 1929, Heft und 22. 
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they cover period about fifty years. Geographically; they represent sey- 
eral places two continents. The sands that were used came from various 
sources and the devices were different kinds. The appara- 
tus ranged from the miniatures used Strohschneider the large plates 
used Enger. Notwithstanding these many possible variables, there 
most noticeable uniformity the results the experiments. 

The theoretical curves show several interesting facts. For uniform 
distribution surface pressure (Cases and II) the curves show 
under the center the plate the surface equal 100% this pressure. 
This accordance with the assumptions made the analysis. For 
parabolic. distribution (Cases III and IV) the curves continue out toward 
the right and these particular curves plotted from the infinite series Equa- 


tion and its adaptation Case become asymptotic the line, =1, 

With the finite integrals obtained Froehlich” for the parabolic distribution, 
the curves turn upward and give stress under the center the plate the 
surface which 200% the average surface pressure. the region repre- 
sented Fig. Froehlich’s integrals and the infinite series give the same 
results. The importance the parameter, Equation (8) clearly indi- 
cated the curves. Stress calculations based the theory 
which (Cases and give results any depth the vertical 
center line which are much smaller than those calculated with (Cases 
and IV). The character the pressure distribution the surface (uni- 
form parabolic) especially important near the surface but loses its impor- 
tance the depth increases. This evident from the fact that the curve 
Case (uniform) the same the curve Case III (parabolic) 
depths greater than about twice the diameter the loaded area. The same 
phenomenon applies the other pair curves. 

easy note which the four theoretical curves gives the best inter- 
pretation the experiments. The distribution pressure the under side 
these test plates was approximately parabolic and the parameter, was 
approximately Both these factors are required account for the measured 
stresses. 

seems desirable point out the fact that the distribution pressure 
the surface not necessarily parabolic the manner shown Fig. 
The surface pressure might maximum the center and zero the edge, 
but can vary from this range distribution that would minimum 
the center and infinite the edge. has discussed several 
these possible surface distributions and, general, they depend the rela- 
tive elastic properties the two bodies contact. For square rec- 
tangular area the distribution pressure the ground surface can fairly 
complicated has been shown experimentally Frederick Converse,” 


des Potentiels,” pp. 


Pressure Under Footing,” Civil Engineering, April, 1933, Vol. 
207. 


Philosophical Transactions, Royal Soc. London, Vol. 228, Series 1929, 
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the problem for both uniform and variable pressures over rectangular bear- 
ing areas. most practical problems involving large bearing areas, 
customary divide the large area into number small areas and then 
make the stress calculation for each the small areas and add the results. 
non-uniform distribution can treated this manner varying the 
load the several small areas accordance with the non-uniformity 
the surface distribution. 

Very little experimental work has been done for the purpose determining 
the distribution pressure the contact area between the plate and the 
sand-fill. However, very probable that this pressure distribution varies 
some extent with the load itself. For very light loads for very large 
bearing areas the pressure approximately uniform and the parameter, 
approximately the load increased the size the bearing area 
decreased the pressure the contact plane becomes non-uniform and, 
the same time, the value increases not higher. The value 
also depends some extent the properties the soil. value 
used only for elastic isotropic solids stressed within their elastic limits. 
very hard dry clay, not too heavily loaded, would behave approximately 
elastic solid, and would nearly correct for this kind material. 
Granular soils offering almost resistance tension cannot act elastic 
solids and, such has values which may great 


Figs. 5(a) and 5(b) show footing square which built 
15-ft stratum sand, overlying soft clay. desired know the vertical 
normal stress that will exerted the top surface the clay. The footing 
subdivided into small squares each side and because symmetry 
there will only three types squares, designated and The load 
will assumed concentrated the center gravity each square, and 
the horizontal distances from the center the footing these centers 
gravity are shown Fig. 5(a). Fig. 5(c) shows this footing with uniform 
distribution surface pressure 4000 per ft. The total load 
1024000 Ib. Fig. 5(d) shows the footing with non-uniform distribution 


TABLE 2.—Srress Computation; 


ess, Pounds per ress, Pounds per 


Total (Col- Total (Col- 
(5)) 
(7) 


4 
| 
(2) (3) 
Menans 4 15.3 64 000 123 492 96 000 349 1 396 
_ Se 3 17.2 64 000 68 272 40 000 57 228 
*n=3 tn=6 
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pressure similar the experimental determination The pres- 
sure more than the average the center squares and less than the average 
the middle the sides and the corners. The total load for Fig. 5(d) 
also 

Table gives the stress calculations condensed form. Table 2(a) refers 
Fig. 5(c); and, addition the uniform distribution pressure the 
surface, assumed that the distribution stress through the sand 
accordance with the theory elasticity; that is, The total stress 
exerted the top surface the clay the vertical center line the footing 
1484 per ft. Table 2(b) refers Fig. 5(d); and, addition the 
non-uniform pressure distribution, assumed that The calculated 
stress 672 per ft, which almost twice that the other assumption. 


AND 


most problems soil mechanics dealing with the probable behavior 
foundations, the first requisite calculation the stresses produced the 
underlying strata the foundation loads. The accuracy the subsequent 
calculation the effects produced these stresses will depend the degree 
approximation obtained the calculation the stresses themselves, For 
the problem the calculation the stresses, believed that the foregoing 
analysis leads two important conclusions: (1) The which the 
pressure distributed over the contact surface must considered; and 
(2) the equations the theory elasticity must modified before they can 
applied soils. 

Conclusion (1) particularly true when the depth for which the computa- 
tion being made equal to, less than, the diameter the loaded area. 
understood that Equations (7) and for Cases and III, and 
their adaptation Cases and IV, are not offered for immediate use the 
solution practical problems. These formulas can used only when the 
practical problem fulfills all the conditions under which they were derived. 
Most practical problems involve bearing areas other than circles and the dis- 
tribution pressure under the foundation neither perfectly uniform nor 
parabolic. However, reasonably accurate determination the stresses can 
expected only after careful the probable pressure distri- 
bution the contact surface and choice the value the para- 
meter, general rule, not satisfactory assume that the pressure 
the surface uniformly distributed and that the equations the theory 
elasticity can used without modification. 


APPENDIX 
depth from ground surface given plane. 
parameter with values that vary with different conditions; 


concentration factor. 
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subscript denoting uniform distribution. 

pressure per unit area; intensity pressure under uni- 
formly distributed load; py, and components unit 
stress given horizontal plane, distant below the 

ground surface. 


variable radius; radius the edge circular founda- 


tion. 


variable distance measured parallel the Z-axis; the depth, 


from the ground surface the plane for which given 
computation made. 

diameter circular foundation 2re. 

externally applied, concentrated load. 

radius vector. 

volume. 

angular distance. 
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DISCUSSION 


review theory and experiments relative pressures under foundation, 
the author has performed helpful service that his presentation pointed 
toward practical evaluation their significance. The rather amorphous 
state foundation literature represents stage preliminary its crystalliza- 
tion into usable principles involving known soil factors. The paper seeks 
give point the theories and experiments that cluster about the geometry 
stress distribution isotropic elastic solid. 

most experiments relating pressure distribution under foundation 
slab sand has been utilized the soil. theories contemplate 
material like dry sand. Within the shear limits internal friction, the 
behavior dry sand transmitting pressure similar that granular 
sandstone, since the cementitious binder the latter performs essential 
function until friction overcome, except far the solid stone has 
weak tensile strength. That there close correlation between the theories 
that are based either hypothetical elastic solid, sand bed (which, 
within limits, behaves similarly elastic solid), should not occasion sur- 
prise; nor, the other hand, should lead generalized conclusion appli- 
cable all foundation soils. 

Not enough experimental observations have been made with loads resting 
elastic soils. The limited observations made the writer, William 
Housel, Assoc. Am. Soc. E., and others, indicate behavior different 
essential respects that granular material under bearing plate. 

extreme departure from load resting solid, the case 
box containing load floated lake water may cited. The box 
supported certain flotation depth, but the pressure the bottom 
the lake not increased (except far the water surface may raised 
slightly) and the pressure evenly distributed over the bottom the box. 
fluid, the pressures increase with the depth that the upward reactions 
the bottom supports the load. 

viscous material, such heavy oil asphalt, similar phenomenon 
except that flow occurs slowly and only after long period time 
the theoretical flotation sinking attained. heavy asphalt, the sinking 
stops short the fluid flotation depth, showing that the shear stresses 
developed have certain permanent sustaining capacity for holding the load 
equilibrium. 

The behavior plastic earths under load has certain points similarity 
viscous fluids. Whereas the pressures assume the typical bell-shaped dis- 
tribution pattern sand bed under load, virtue the internal friction, 
soil that essentially devoid internal friction, this pressure 
pattern fundamentally modified. The spread the load probably much 


Lehigh Univ., Bethlehem, Pa. 
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wider virtue shear and tension than observations seem indicate, 
because the experimental difficulty measuring small increments 
pressure. probable also that the depth which the pressure perceptibly 
transmitted plastic soils much less than commonly assumed, owing 
the wider spread the load and the accompanying effect immeasurably 
small pressures distributed over large area, which much greater than has 
been generally recognized. artificial foundation bed for experimentation 
that would correspond more than sand the prototype would 
thick layer composed rubber bands: Instead using such artifi- 
cial bed for laboratory investigations, however, typical earths themselves should 
used, because the present plethora discordant foundation discussion has 
resulted largely from basing theories and experiments soils 
actually occur Nature. 

relatively small clay content will convert sand-to plastic material 
far friction and cohesion are concerned. Limited observations made 
the writer indicate that, with fine sand fairly uniform grain, 20% clay 
will make the mass essentially plastic. Probably with graded sand having 
lower percentage void space, even smaller proportion clay would 
required. Practical foundations should considered saturated, for such 
will almost certainly their condition times, and experiments dry 
soils are likely misleading. 

The bell-shaped pattern pressure distribution has relatively little signifi- 
cance, therefore, the practical design particular footing, partly because 
only clean sand gravel, solid rock, such distribution likely 
the second place, even should occur when the load first 
applied, adjustment time would tend make the pressures fairly uniform. 
Moreover, shifting eccentricities practical loadings tend render inappli- 
conclusions that may predicated assumption fixed point 
application load. Since the higher pressures the center footing 
result only from greater rigidity the soil that region, the unequal dis- 
tribution the pressures will not result settlement footing that 
proportioned for uniform distribution soil pressure. Any giving way 
the center would immediately distribute pressures toward the periphery. 
Therefore, even any flexure the footing slabs that may occur would tend 
accentuate the non-uniformity soil-pressure distribution, footing 
designed for uniform soil pressure would generally not result failure. 

expressing appreciation Mr. Cumming’s excellent paper, which 
succinctly sets forth the conception foundation hypothetical elastic 
structure, the writer wishes venture the hope that more experimental and 
theoretical attention may devoted consideration actual soils with 
view determining their structural behavior under load. any rate, more 
experimentation plastic soils typical foundation material needed, 
order establish values the other extreme soil types. 


sive discussion the Boussinesq formula and related problems that has 


Research Associate Soil Mechanics, Dept. Civ. Eng., Yale Univ., New Haven, 
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ever appeared the English language contained this paper. For 
advanced students soil mechanics the completeness references and 
the interesting historical data may great value; and readers legs 
advanced are given concise and clear presentation the material which 
furnishes excellent view the subject whole. reading this paper, 
however, the writer faced some difficulties which wishes clarify. 

Conception termed “isotropic” reality may possess 
quite different properties, depending their degree isotropy. the 
material body possesses exactly the same properties throughout, includ- 
ing the stress-transmitting capacity, any point any line drawn within 
that body will part isotropic “continuum,” and such state 
isotropy may termed “monotonous.” the other hand, the material 
consists units particles interspersed with voids some other 
material, with different stress-transmitting capacities, the body may possess 
“statistical” isotropy. Owing the presence great number particles 
pressed against each other, stresses within such body may generated 
simulate “continuum,” and this similarity the greater, the greater 
the degree isotropy approaches the “monotony” referred to; for instance, 
two straight lines, in. long, drawn within sand and clay mass, 
pierce 100 and 100 particles, respectively, evident that the clay mass 
much more properly termed “monotonously” isotropic than the sand 
mass. Furthermore, attracted moisture, which almost solid the case 
moist clay mass, approaches more the stress-transmitting capacity the 
soil particles than water the voids sand mass. Hence, formulas 
the theory elasticity, the formula among them, developed 
for the case isotropic elastic “continuum” should applied clays 
rather than sands. does not follow, however, that clays are elastic, and 
sands Each sand particle elastic body, demonstrated 
the rebound after releasing load from sand mass; but the reason why the 
Boussinesq formula cannot applied unconditionally sands, lies their 
lack monotonous isotropy. Since statistical isotropy requires the 
presence great number particles, does not exist all where this 
condition not fulfilled. Hence, earth mass, especially sand 
mass, not isotropic close its boundary. 

The explanations advanced are required order understand the 
following apparent inconsistency Mr. Cummings’ paper. First, quotes 
Boussinesq himself who stated that the distribution stress across planes 
parallel the surface the same all isotropic bodies, and few 
pages following numerical example dealing with stress distribution 
sand shows that actual vertical pressure almost twice that computed 
according the Boussinesq formula, and the experiments described. 
The reader thus induced believe that sands are not isotropic and per- 
haps not elastic; but the situation clears one realizes that under the 
term, “isotropic,” could mean monotonously isotropic bodies 
only, such those studied the theory elasticity. 

Interrelationship Between the Degree Isotropy and the Value the 
Concentration Factor—Commenting the opinion Mr. Cummings, 
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the values the concentration factor for clays and for 
sands), the writer agrees with far shallow depths are concerned, 
but wishes offer interpretation. each point the earth mass, loaded 
with its own weight, there vertical pressure, pz, and horizontal pressure, 


according the terminology Pro- 
fessor Terzaghi. The value 
incompressible elastic bodies 
water, some metals, 
equal This value decreases 
isotropy ceases monotonous; 
for instance, equals about one- 
fourth the case coarse sands. 
Simultaneously, the 
factor, increases; and this can 
shown mathematically. Fig, the 
vertical and the horizontal angular 
distances are designated and 
respectively; the depth point, 
which the vertical and horizontal 
pressures, and pz, respectively, are 
determined; and the variable 
depth point, Equation (3) 
represents the vertical normal stress, 
Which may conceived the 
vertical projection the stress, 
thus: 


n-2 


Boundary Plane 


(d — z) tan 6.40’ 


Fic. 


will assumed that projection the stress, the horizontal 
plane does not depend the value the Poisson ratio. the point, 
there small earth element (shaded area Fig. 6). the unit 
weight the earth material question, the weight this small element is: 


Equation (16) the three dimensions the earth element the point, 
(its length, width, and height) are written separately brackets. Accord- 
ing Equation (15) the value the elementary stress acting along the 
direction, QA, is: 


r 
4 
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and the horizontal projection this elementary stress: 


Taking the sum the horizontal projections (Equation (18)) the 
elementary stresses reaching Point from all parts the earth mass lying 
above it, the horizontal pressure Point would obtained. Hence: 


Introducing into Equation (19) the values and from Equations 
(16) the first step integrate with respect both and 
and then with respect thus: 


n-2 
Since the value the vertical pressure Point the 
Ps n— 4; 


from which: 


Equation (21) expresses the relation between the concentration factor, 
and the coefficient pressure rest, approach the solution 
this problem since further research may prove that some other causes 
also influence this relation. For incompressible isotropic elastic body, 


three-fourths the vertical, the value that case about 3.3, For 
sand possessing angle friction 35° under given circumstances, 


Hence, according Equation (21), the value its concentration factor 
also obvious that there certain relation between the value 
the concentration factor, and the angle friction, given sand. 

The writer wishes emphasize, however, that the few known values 
have been determined from experiments practically all which were 
rather shallow test containers. Hence, the corresponding values the con- 
centration factor, cannot applied unconditionally for computations 


| 
! 


KRYNINE DISTRIBUTION STRESSES UNDER FOUNDATION 1089 


stresses greater depths. The writer’s belief that the concentration factor, 
function depth also; apparently, decreases with depth, tend- 
minimum, since one cannot visualize any material more free from voids than 
“continuum.” Probably, certain depth within the earth all matter 
obeys the Boussinesq law with concentration factor, and the 
difference between the stress distribution sand and clay merely sur- 
face phenomenon. 

The writer bases his opinion the experiments Messrs. and 
Hatch,” who proved that the coefficient friction sand decreases the 
normal pressure increases; and this means that the coefficient pressure 
rest, greater and the factor concentration, smaller, relatively 
greater depth than close the ground surface. The statement which 
Mr. Cummings objects, namely, that the distribution stress independent 
the type material, should corrected adding the phrase, “at cer- 
tain depth.” true that this unknown depth may very considerable. 

Stresses the Plane Contact—Mr. Cummings’ remark that the dis- 
tribution pressure the under side the experimental test plates 
the experiments described responsible for the stress distribution the earth 
mass, cannot over-emphasized. interpretation the fact should 
given, however. According the third Newton law, action and reaction are 
equal and opposite, and appears first glance that the load founda- 
tion experimental plate uniform, the reaction the earth mass under 
should also uniform. Such manner thinking has proved disastrous 
the history civil engineering and has retarded the development soil 
mechanics for many years. What actually matters not the distribution 
load around the foundation, but the distribution stresses within the 
footing close its plane contact with the earth. The structure and 
the earth mass together form statically indeterminate system, and the stress 
distribution depends the elastic properties both bodies contact. all 
cases stresses both sides the plane contact are equal, thus satisfying 
Newton’s third law (Fig. 7(a)). rule, the stress distribution question 
not uniform, although may become particular case. 

reference the interesting statement Mr. Cummings that for very 
large areas the pressure approximately uniform, the writer wishes state 
that some cases there only appearance uniformity. Fig. 
narrow structure, and Fig. 7(c), wide structure are represented; both 
are subjected the same uniform unit load and both are rigid and constructed 
rigid clay, that the stress would minimum the center. The ordi- 
nates, etc., the stress distribution curve are exactly equal cor- 
responding points both structures; but the rate which the stress increases 
per foot width the foundation less the case the wide foundation. 


“Handbuch der physikalischen und technischen Mechanik,” edited Auerbach 
and Hort, Vol. IV, Pt. 523, Leipzig, 1931. 
for Hydraulic-Fill Dams,” Harry Hatch, Am. Soc. B., 
Am. Soc. Vol. (1934), pp. 228-229. 
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This may create the impression rather uniform stress distribution close 
the middle wide structure. 

Mathematics the Stress Distribution trigonometric fune- 
tions were used developing Equation (7), would more convenient 
form for application. Fig. designates half angle the vertex 


- Structure 


Stresses 
43 


the cone formed radii vectors drawn from given point, within the earth 
mass the perimeter round foundation. Then, Equation (7) becomes, 


Equation (22) particular case general formula, Actually, integrat- 
ing Equation (6) for general case (that is, for concentration factor, n): 


from which, making the stress distribution for Case may alse 
obtained. Equation (23) was first developed Dr. Frohlich, 
Holland.” 

integrate Equation (12), Mr. Cummings uses infinite series; the 
problem was also solved Dr. transformation trigonometric 
The formula, however, may integrated closed form 


2 
substituting for thus: 
Te 


bering that the limits integration the variable, are and which 


50, Julius Springer, Vienna, 1934. 


Earth Mass 
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corresponds and respectively, and integrating with respect 


making Equation (25), the true value the vertical pres- 
sure, pz, depth, re, may obtained. equal 0.83 po, and not 
infinity, indicated Fig. Case III. mathematical tool, like any other, 
can give adequate results only within the limits its applicability. This 
why this case infinite series proved inadequate reflect the actual 
(25), becomes equal 200% the average surface pressure 
obtained from Dr. integrals. Case may dealt with simi- 
lar manner. 

Limits Application the Formulas far may con- 
cluded from this paper, the following methods are available for computing 
stresses within earth mass: (a) Equations (1) (3) for the case 
concentrated load; (b) Equation (7) for uniform load distribution; and 
(c), Equations (12) and (14) for parabolic load distribution. case 
also mentioned Mr. Cummings which distribution would mini- 
mum the center and infinite the edge; but formula given for this 
case. 

comparing the curves shown Fig. the author reaches the conclu- 
sion that “the character the pressure distribution the surface (uniform 
parabolic) especially important near the surface but loses its importance 
the depth increases.” This statement, although quite true, should 
generalized and strengthened follows: “At certain depth, about twice the 
diameter the loaded area, re), any structure acts practically 
concentrated load.” other words, stresses are determined 
depth greater than twice the diameter the loaded area, the designer need 
not worry about how the loads are distributed along the structure, nor need 
worry whether not the structure rigid. The Washington Monu- 
ment, Washington, C., has base about 125 125 ft; hence, acts 
concentrated load depth 250 beneath the base. the other 
hand, the water reservoir behind Boulder Dam, with length of, say, 100 
miles, acts distributed load depth 200 miles beneath the site. 

The situation changes the upper layers re). non-rigid, 
round structure, such water oil tank, non-rigid masonry structures, 
constructed clay similar soil, Equations and (8) for 
uniform load distribution should applied; and rigid, round structure 
constructed sand similar soil, Equations (12) and (14) should used. 
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The most interesting problem—that determining accurately, the value 
open. definite answer can given only when the behavior the “dis- 
turbed zone” under the structure itself can studied properly. Although 
the integral Equation (25) gives pressure 200% the average unit load 
close the base the structure, Enger, Am. Soc. E., found 
about 300% experiment.” The writer believes that this value was not 
excessive and that stresses the “disturbed zone” are exceedingly high. 

Cummings has brought the attention the profes- 
sion one the most serious problems soil mechanics and has displayed, 
this connection, unusually broad knowledge the technical literature. 
one can expected solve such problems alone; hence, discussing 
this interesting and important paper, corrections and additions are made, this 
cannot diminish its value. 


tion stresses elastic soil under foundation, based certain 
assumptions, has been developed mathematically Mr. Cummings. His con- 
clusions are logical, and has done well stress the limitations his 
formulas the conditions assumed. 

Examination the general conditions affecting the distributions stresses 
under foundation more clearly sets forth the significance the limitations 
prescribed the author. The distribution stresses modified by: (a) The 
load distribution the footing; and (b) the degree flexibility the foot- 
ing. practice, there are three distinct types simple foundations, each 
having its characteristic stress distribution: (1) The uniformly loaded, 
perfectly flexible foundation; (2) the concentrated load semi-flexible 
foundation; and (3) the rigid (non-flexible) foundation, which the 
acter the load not factor. Naturally, there are modifications and 
hybrids these three types. Their recognition, however, explains much the 
conflicting evidence regarding the behavior foundations. 

The uniformly loaded, perfectly flexible foundation produces uniform 
surface load the soil, Mr. Cummings has assumed Cases and 
The concentrated load semi-flexible foundation (and with the proper 
degree flexibility) produces surface load that parabolic 
This covers Cases III and IV. may also yield uniform surface load 
Cases and II, and will explained. 

The rigid foundation, regardless the type loading, produces maximum 
surface loading its perimeter, decreasing toward the center. This type 
distribution has been demonstrated the writer,” using the photo-elastic 
method. The soil loading produces inverted arch, dome maximum 
stress, the bottom which (in the case observed) was depth, 0.7 below 
the foundation. This dome stress probably somewhat akin the cone 
developed under small “foundation” when the latter driven through soil. 


Asst. Civ. Engr., City Engr.’s Office, Detroit, Mich. 


*® Progress Rept. of the oe Committee on Earths and Foundations, Proceedings, 
Am. Soe. C. E., August, 1933, p. 1054. 
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all these different cases, the foundation flexibility the key the 
resulting type surface stress distribution. Deformation probably 
important foundation problems retaining wall movements (however 
small) are, determining soil reactions. The latter has recently been 
demonstrated striking manner Charles Terzaghi, Am. Soe. E.” 
The former remains demonstrated. 

Given concentrated load rigid footing, has been stated that the 


maximum surface stress the perimeter, decreasing toward the center. 


flexibility the footing could introduced progressively, the pattern 
the surface reaction the footing would change progressively. would 
first become uniform; later, would assume the parabolic distribution, and, 
ultimately, would become concentrated reaction under the load itself. 
one these intermediate cases which was reported Frederick Converse, 
Assoc. Am. Soc. E., and referred the Failure Mr. 
Converse report the nature and extent the footing deformation made the 
experiment incomplete. 

The classical experiment™ Enger, Am. Soc. E., has been 
assumed the author have been parabolic surface loading, 
III and IV. This probably error, although this case, not 
important because the data which borrows are depth least one 
footing diameter below the footing. this level, Dean Enger has shown such 

the original report this experiment the lines equal stress were 
extrapolated from the uppermost plane observed values in. below the 
footing) upward the foundation. Although not supported tests, and 
although conclusions were drawn from it, the diagram showing the greatest 
surface load the center has gained wide credence. The footing was rela- 
tively rigid, least one case heavy plate, 134 in. diameter, with load 
great 000 applied jack with large base). Under this footing, 

13.5 m. 


Original Assumed /\_Wniter's Theory of 
Pressure Distribution Pressure Distribution 
~ 


Distance Below Foundation, 
in Inches 


Fic. 
dome maximum stress probably occurred with the distribution the soil 
reaction, being maximum the perimeter and decreasing toward the center. 
Fig. shows the original stress diagram modified, and (b) accordance 


with the writer’s theory rigid foundation surface stress distribution. 
News-Record, February and 22, March and 29, and April 19, 
Vol. 112, pp. 136, 259, 315, 403, and 503. 


Engineering Record, January 22, 1916, Vol. 73, 106; 


is- 
u- 
n- 

/ 

m 
ne 


1094 WILCOXEN DISTRIBUTION STRESSES UNDER FOUNDATION 


That the pressure under rigid foundation greatest the center jig 
theory that widely held. The writer aware that many caseg the 
opinion authoritative, especially when the soil granular one. Neverthe 
less, offers the following facts and deductions support his own viey, 

has been demonstrated” that, with uniform surface loading, both 
plastic and granular soils, settlement was greatest the center. Fig. 


Uniform Load wth 


Perfectly Flexible 
( Foundation 


Directions of 
jaximum Thrust 


(b) DISTORTION OF TYPICAL 
ELEMENTAL CUBE OF 
SOIL UNDER LOAD 


Directions of 
Maximum Tension 


(c) DISTORTION OF AN 


ELEMENTAL LAYER 
(a) 


SOIL UNDER LOAD 


Fic. 10.—CHARACTERISTICS BULB STRESS UNDER FOUNDATION WITH 
Loap 


diagram such bulb displacement and Fig. (b) magnified 
incremental cube. With increased footing load this cube would 
torted indicated the dotted diagram. The tests indicate that this deforma- 
tion, and, hence, its stress distribution, would the same regardless 
whether the soil cohesive granular. 

increased load. apparent that each successive cube toward the center 
displaced downward not only its own direct load but also the loads all 
the adjacent cubes toward the perimeter. Thus, seems that, regardless 
the character the soil, the stress distributions under uniform surface 
loads are the same and the area greatest resistance toward the perimeter. 
the footing were rigid one the greatest pressure would necessarily 
the region greatest soil resistance; that is, toward the perimeter. 

That this holds true sand has been demonstrated conclusively the 
writer elemental test. lightly tamped, damp mortar sand was struck 


with straight-edge. First, piece typewriter carbon paper (with 


the carbon side up) was laid the surface; then piece white paper; and, 
finally, steel plate, in. square. Pressure was then applied the plate, 
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twice plunging round-ended fence post down upon it. The results 
(see Fig. 11) showed that the region greatest carbon transfer (and, hence, 
the greatest pressure) occurred under the part the foundation near the 
perimeter. 


Fic. 11 


The problem analyzing the distribution pressure under foundation 
comprehensive one. The author has avoided the complications footing 
characteristics assuming surface, rather than footing, loadings, and has 


skilfully analyzed two the three types surface loadings that occur under 
foundations. 


problem discussed Mr. Cummings one group, which may 
suggestively subdivided follows: 

which one plane section only may analyzed: (a) Wall 
footings, centered (the simplest case); (b) flume footings (rectangular slabs 


™ Structural Designer, Water Puritication Plant, Milwaukee, Wis. 
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with parallel walls along two opposite edges); and (c) continuous footings 
under series parallel walls. 

2.—Simple footings symmetrical around central point: (a) Square 
footings with central load; (b) circular shaft (chimneys, ete.); 
(c) square shaft footings. 

3.—Eccentric footings: (a) Square footings with eccentric load; (b) build- 
ing column footings near property lines; (c) retaining wall footings; 
(d) footings for crane columns and movable bridges; and (e) base 
concrete reservoirs. 


all these types footings, the usual varieties soil, actual pressures 
are unquestionably small the edges the footings, and greatest under 
near heavy load concentrations. The usual assumption design that 
under complex footing, earth stresses vary uniformly from one edge 
the other. This usual assumption clearly just inaccurate the case 
complex footings simple cases, such Footings 1(a) and 
Furthermore, this inaccuracy greater some types soil than others. 

consideration footing problems, two points view have arisen. One 
that soil mechanics, the analysis conditions the soil under the 
structure. From this point view the assumption uniform uniformly 
varying pressure the plane contact often actually unsafe. certain 
types clay, for instance, now known that large footing sometimes 
cannot carry proportionately large load small footing; the greater 
building pressure the center may start crushing action particles 
clay holding water integral union, which time will lead the settle 
ment the larger footing. 

The second point view that the designer the footing slab. From 
his point view, the assumption uniform uniformly varying pressure 
almost always somewhat the safe side. Usually the loss economy 
not very serious. the unusual conditions that occur occasionally which 
this assumption very extravagant there little published precedent 
the proper method slab design. 

The author’s review conditions beneath simple footing should 
studied carefully not only students soil mechanics, but also 
designers foundation slabs. Strangely enough, these two points view are 
not actually co-ordinated well they might be. 

the design footing slabs the exact theoretical formula often not 
great importance. For instance, the case simple wall footing, 
sine formula seems theoretically correct stiff homogeneous material 
for distribution pressure the plane contact; but considering the 
resulting design footing, may not make any appreciable difference 
whether sinoid, parabolic, elliptic distribution curve footing 
pressure assumed. The important point take account the 
tion the cantilever edges; this may done even means very rough, 
straight-line diagram, without serious error shear moment diagrams. 

Such rough straight-line diagrams may used with profit the design 
certain more complex types footings. not the intention cast 


4 
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any doubt the advisability theoretical and experimental work such 
that cited Mr. Cummings; but there are certain types footings, some 
which are among those outlined herein, which even with rough straight-line 
assumptions footing pressures, design becomes very complex mathemati- 
cally. The exact conditions are not known through experiment; nor are they 
accessible exact scientific imagination; the soil not perfectly homogeneous, 
although the whole substantial and dependable; and the final conditions 
ground-water are not determined are not constant. Under such condi- 
tions, seems more line with exact scientific procedure make rough 
but probable assumption and then compute, exactly, certain its conse- 
quences, than use the very improbable assumption uniformly varying 
load. Furthermore, the less probable assumption occasionally results 
design that economically impossible, and obviously unnecessary. Pains- 
taking detailed investigation has clearly proved certain general truths about 
foundation pressure distribution. possible use these general truths 
rough approximate way, under conditions where detailed application 
impossible. 


linear relation between stress and strain. This fact introduces 
important simplification mathematical investigations that the super- 
position principle can used and the summation elementary solutions 
leads other solutions. 

important note that for material that does not satisfy Hooke’s 
law, this superposition principle does not hold and, general, will not 
permissible add solutions due loads acting independently order 
find the stresses due their combined action. 

the case certain materials like sand, however, the pressure distribu- 
tion assumed given semi-empirical law more general than that 
Boussinesq formulated Equation (3) the paper. case the pressure 
distribution does not coincide with that Boussinesq, this must due 
the fact that the material either not does not satisfy Hooke’s 
law. The latter true, for instance, some kind gliding occurs inside 
the material. Obviously, then, not permissible superpose solutions 
the form Equation (3) order find the effect distributed loads. 


Am. Soc. (by letter)—The subject touched 
this paper really involves two major classes problems foundation 
engineering, namely: 


(1) For foundation unit given size, both area and shape, 
carrying known load, either point concentration distribution 
known variation: (a) What the distribution stress the base 
the foundation unit footing? (b) what the variation the distribution 
with changes the assumed relative and also absolute (for end conditions 
cases) stiffness the footing and the supporting soil? and (c) what 


Louvain, Louvain, Belgium. 
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the variation the distribution with increases the loading, for given 
ratio stiffness footing and soil, including the end condition where the 
loading causes change the soil, the footing, from elastic plastic 
material 

(2) For given load footing given size, the distribution stress 
the base having been determined: (a) What the distribution pressures 
through the soil? and, (b) what changes distribution occur with increased 
loadings 


all the foregoing problems, must remembered that the summation 
stresses from various loads can only made long the total does not 
exceed the elastic limit. soon plastic flow (in clays), failure shear 
(lack tension sands), occurs, the problem changes. 

The author has noted clearly that his paper covers only one case the 
general problem, namely, what the distribution stresses along the vertical 
axis the soil supporting circular load for: Uniform; and (b) 
distributions stress the base the circular footing? shows definitely 
that the assumption parabolic distribution gives theoretical results which 
agree with the experimental work with sand, which all the conditions 
the problem are met. 

opening wedge, the paper valuable. hoped that the author’s 
warning (see “Summary and Conclusions”) will heeded: “These formulas 
can used only when the practical problem fulfills all the conditions under 
which they were derived.” 

The theoretical formulas are based the assumption action 
bodies. The definition the term, “isotropic”, “having the same physical 
properties all directions.” This condition eliminates all soils except for 
very small loadings. general, the approximate maximum load that can 
considered, the largest load which will not cause permanent set 
deflection after removed. 

All the tests enumerated Table are for sand and circular disks. 
attempt has been made correlate the effect the amount unit loading 
with the variation law distribution the soil. 

rectangular test areas, for sand, clay, and loam, definite change 
distribution was noted with increased loadings. 

The very high unit stresses found the area the center of, and just 
below, the circular disk footing not serious because the actual condition 
there will release support and, therefore, redistribution loading 
this area. The theoretical solution the problem equivalent first 
approximation statically indeterminate structure which deflections 
are neglected. addition, the center core soil under footing better 
retained against lateral movement and, consequently, against vertical 
ment than the remainder the soil body. The effect permit greater 
loading without large settlement flow. 


the Distribution Vertical Pressure Sand”, Fehr and 

Thomas, Bulletin No. Pennsylvania State 1913; and “Further Experiment 

ate Coll., 
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Where long loadings, such quay walls, soft ground, give high stress 
concentrations long strip the supporting soil, with consequent settle- 
ment and flow the mud silt and often failure the wall, has been 
found most economical eliminate the soft soil directly beneath the wall and 
replace with layer sand. The entire picture stress distribution 
the soil then changed not only because the high localized stress the base 
the wall taken the sand, but also the formation new soil 
the contact zone. very fine description the methods and large scale tests 
this method solving the problem given Gen. Carlo Barberis.” 

Under “Numerical Example”, the author points out that although greater 
areas soil are affected increasing depths below loaded footing, the 
distribution any depth not uniform. The assumption distri- 
bution, made this example, may apply sand, but certainly should 
modified clay any cohesive material used, chiefly because the edge 
effect the perimeter the footing. For all soils, the assumed distribution 
will change soon deflection occurs. 

The true distribution the base footing such that the sum the 
works performed bending, shear, and compression the footing 
minimum, subject always the condition that stress exceeds the elastic 
limit. would very unusual design problem which would warrant such 
Probably, photo-elastic methods show the qualitative condi- 
tions would advisable reduce the number possible distributions that 
should studied. 


note the interest the development accurate methods obtaining pres- 
sure distributions under foundations. The mechanics foundations predi- 
upon correct determination stress distribution the underlying 
strata. However, correctness may defined herein not rigorous mathe- 
matical solution consistent with all the data, but rather general correct- 
ness stress distribution over the broad extent the strata, subject 
distortion pressure the foundation loading. this sense the word, 
the “local perturbation effect” immediately adjacent the point loading 
significance the general stress distribution. The problem may 
viewed analogous the stress determination girder subject con- 
centrated loads, where the effect the point application the load the 
local part the girder considered secondary importance, the general 
distribution moment and stresses being the primary problem involved. 
The manner loading foundation and the soil pressures near its loading 
can generally ignored the determination the stress distribution 
the deep strata the distortions which will usually determine the final 
movement the supported structure. The analysis presented the 
author—although interest the general theory stress distribution— 


Examples Foundations Works, Such Quay-Walls”, etc., Carlo 
Barberis. Congress Navigation. Second Section, Brussels, 1925, 
Ocean Navigation”, Third Communication Carlo Barberis, Rome, Italy. 
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should not leave serious doubt the reader’s mind the general validity 
the Boussinesq equations. These equations, given the the 
Society’s Special Committee Earths and Foundations, are sufficiently rigor- 
ous and consistent with experiment permit prediction founda- 
tion behavior. Their use foundation design involves the same degree 
accuracy the use the ordinary Bernoulli formulas for 

unfortunate that the development the Boussinesq 
buried the intricate treatises the mathematical theory elasticity. The 
fundamental assumptions the theory elasticity are that: (1) All dis- 
placements are infinitesimal; and (2), Hooke’s law correct. 

Boussinesq was fortunate discovering ingenious device for the 
solution the differential equations for displacement elastic solids under 
surface load. function found, such that its derivatives express the 
displacement given point under certain type surface loading. 
combining two forms induce the surface loading single force 
point, the displacements are evaluated, and from these the forces are 
found. The force system horizontal planes (if the applied load vertical 
and the boundary plane horizontal) involves elastic constants. hap- 
pens that the force system vertical planes contains elastic constants, which, 
for the usual soils, permits values that cause the terms containing these con- 
stants vanish, that may stated, general, that the force systems 
both vertical and horizontal planes not involve any elastic constants far 
foundation problems are concerned. 


the distribution stresses foundation quite complicated, and much 
good work has been done the subject the last few years, which this 
paper commendable addition. 

The writer has found that most the investigations this subject, both 
theoretical and experimental, have dealt with uniform load dis- 
tributions the footings (either actual assumed), whereas much 
the foundation design encountered his work the loading line distribution 
semi-flexible footings; also, while most the literature deals with the 
stresses some distance below the contact surface, many 
cases (especially clay varying from medium stiff through the various 
gradations hardpan), the problem more determine the pressure dis- 
tribution directly under the footing than the pressure intensities some 
lower depth where the clay more compact. 

has long been realized that variations conditions lead entirely 
different pressure distributions and that those resulting from line distribution 
semi-flexible footing, such heaty wall relatively thin slab, give 
high pressures directly under the wall. 

The writer has made some investigations this field and has come the 
conclusion that the following procedure logical method dealing with 
this particular problem. Make soil-bearing tests determine settlement for 


Pr 
Structural Designer, The San. Dist. Chicago, Chicago. 
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different loading values and then determine, trial necessary, such 
pressure distribution values the contact area between the footing and the 
soil that the differential settlement resulting from the varying soil pressure 
equals the flexure the footing. 

Such line loads give contact loading distribution somewhat parabolic 
character, the variation depending upon the load-carrying capacity the soil 
and the relative weights the wall and the slab. Sometimes, has been 
desirable make various assumptions (within reason) the bearing capacity 
the soil and design for the worst probable condition. Pressure distribu- 
tions thus found are far from the uniform pressures commonly assumed, and 
where footings are somewhat flexible, when the soil has high load-carrying 
values, line load may distributed over only small portion the footing 
directly under the load. 

The foregoing only one the many problems the behavior founda- 
tions and presented endeavor show, the author has stated, that, 
general rule, not satisfactory assume that the pressure the 
surface uniformly distributed. 

For the general problem stress distribution which exists the ground 
under foundation which the theory Boussinesq applies, the University 
vertical pressures. 


the subject foundation pressures embodied this paper, which has 
immediate value the practicing engineer and student soil mechanics. 
The concise presentation, with complete references, should make easy for 
any one interested the subject well informed the mathematical treat- 
ment problem which heretofore has been exceedingly difficult review 
completely. The solutions several cases pressure distribution, although 
still dealing with conditions more ideal than real, are closer approximation 
actual conditions encountered practice and should form the basis 
enlightened discussion and further development. 

The author’s analysis various experimental results most valuable 
ealling attention the fact that practically all previous investigations intro- 
duce variable pressure distribution the bearing area which controls the 
maximum pressure ordinate depths beneath that area. Scarcely less impor- 
tant the emphasis the concentration factor which discussed connec- 
tion with solutions. The writer inclined feel that the equations 
presented are not convenient those which have been developed 
terms trigonometric functions, but that does not detract from the value 
the analysis and discussion. There little added the author’s use 
the tools supplied the mathematical theory elasticity and his con- 
clusions mark the point from which discussion may begin. These conclusions 
are: “(1) The manner which pressure distributed over the contact 


*° “Simplified Computations of Vertical Pressures in Elastic Foundations”, by Nathan 
Newmark, Jun. Am. Soc. E., Circular No. 24, Eng. Experiment Station, Uniy. 
Illinois, Urbana, 
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surface must considered; and (2) the equations the theory elasticity 
must modified before they can applied soils.” 

the writer’s opinion the only fault found with the first conclusion 
that might well made more emphatic. much confusion and false 
deduction has arisen from failure appreciate the significance pressure 
distribution the bearing area itself that certainly gratifying find 
this fact recognized being one two major conclusions supported the 
author’s study. 

The second conclusion also impresses the writer and, when generally 
accepted, opens the door definite progress toward the real problem how 
the elastic equations may altered that they may applied soils. The 
author suggests the concentration factor, the means altering the equa- 
tions and indicates that must varied some manner, depending the 
type material, the load applied whether high low, and the size 
the bearing area whether large small. With all this there seems 
room for anything but enthusiastic and unqualified agreement. Thus, the 
paper establishes the fact that research foundation pressures its broadest 
sense implies much more than mathematical study the distribution 
load concentrations through bodies material indefinite extent. 
also recognized that such mathematical studies have not yet provided founda- 
tion engineering with practical working theory which completely describes 
the effect foundation pressures the soil masses upon which structures 
must built. 

The writer proposes discuss the correlation pressure distribution 
studies with practical working theory soil resistance which may describe 
soil behavior more completely and which may provide definite methods 
which variable factors not included the elastic theory 
may evaluated. its fundamental aspects the analysis soil behavior 
does not differ from that any other problem mechanics materials. 
There are two major steps involved such problem: First, necessary 
determine the stresses imposed the material application load; and, 
second, becomes necessary evaluate the resistance that material 
those stresses terms deformation and ultimate capacity carry load. 
makes little difference whether the material indefinite mass 
articulated structure, complete solution the problems presented cannot 
found until both aspects are subjected analysis. 

Pressure distribution based elastic theory bears only the first aspect 
the major problem and, being limited materials assumed ideal proper- 
ties, has not entirely fulfilled its purposes even there. the writer’s opinion 
elastic theory has almost, not entirely, producing results 
practical value, and valuable these results have been they leave con- 
siderable gap filled before foundation problems can treated 
rational basis. They have given foundation engineers, however, number 
sound conceptions how load may transmitted through soil masses 
and the type stresses that would result. The task securing recognition 
the limitations the elastic theory and the building new concep- 
tions which may free from these limitations are fields for further progress. 
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Before attempting further development along this line seems pertinent 
define the attitude with which the writer proposes approach these problems 
and set certain criteria which may have value testing the validity 
theories which may proposed. These criteria which represent the atti- 
tude modern physics toward natural phenomena are nowhere more aptly 
presented than the definition theory given According 
this eminent physicist, theory nothing more than system con- 
ceptions which will enable one describe the results experience and obser- 
system which shall complete possible but, the same time, 
simple and comprehensive. also serves warning that “the true laws 
Nature are relations between magnitudes which must fundamentally 
observable. magnitudes lacking this property occur our theories 
the symptom something defective.” 
Accepting this creed, the development theories concerned with founda- 
tion pressures consists orderly process collecting data careful 
observation; the analysis and correlation these data; and, finally, the 


formulation conceptions describing the results observations only terms 


magnitudes which may subject direct observation. 

not necessary attempt complete citation the various experi- 
mental and mathematical investigations the light the author’s excellent 
review both. The writer will attempt only discuss conclusions which 
may drawn from these investigations and limitations which must 
recognized applying the conclusions practical problems. 

Distribution Pressure Beneath the survey the 
results the various experimental investigations appears that there are 
two types pressure distribution curves which show significant difference. 
This difference illustrated Fig. 12, which Curve denotes the kind 


distribution found horizontal planes relatively close the bearing area. 
yields definite evidence concentration pressure the region 
beneath the bearing area, which may referred the central column 
the compression cone. This concentration pressure phenomenon 
that has been noted practically all experimental studies. has generally 
been described two ways: First, increased values the vertical 
pressure, pz, the central column; and, second, decreased values the 
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angle lateral distribution, for planes close the bearing area. Curve 
which typical pressure distribution greater depths where intensities 
pressure are not excessive, shows evidence the foregoing concentra- 
tion pressure. Intensities beneath the bearing area appear more 
consistent with those the compression cone outside the central column and 
the angle lateral distribution appears approach constant maximum 
value which, experiment, has been found approximately degrees. 

The concentration pressure the central column accompanied 
non-uniform distribution pressure the bearing area which the author 
has demonstrated his analysis experimental results. than 
state that the non-uniform pressure distribution the contact surface 
the cause the concentration pressure the central column, seems 
more logical conclude that both result from some other phenomenon 
primary importance. this point that elastic theory becomes quite 
inadequate and must displaced more basic conceptions not limited 
the assumptions elasticity. 

the first place soils not possess the properties the perfectly elastic 
material necessary satisfy the very important condition continuity 
stress-strain relationship. The fact that the equations elasticity yield 
pressure distribution curves which are least qualitatively adequate does 
not alter the fact that the quantitative results are limited value. This 
situation arises from the fact that distribution pressure through soil 
masses follows laws depending upon statistical regularity which may obtain 
even essentially discontinuous medium. 

Failure the elastic theory appears originate from two distinctly dif- 
ferent sources. First, there are discontinuities arising from boundary condi- 
tions which are introduced the problem treating load applications over 
finite areas resting indefinite body material. These considerations 
are entirely function dimensions not peculiar any particular material 
and, that extent, are independent the physical properties the mate- 
rial. Second, there are. discontinuities arising from the manner which the 
material develops resistance stress rather fails develop resistance 
stress. The latter phenomenon affected dimensions the loaded area, 
but primarily related properties the material. 

was the first investigator recognize the significance 
this particular characteristic pressure distribution soils, and described 
pressure distribution being confined cone-shaped region stress, 
outside which there was apparent effect due the applied load. also 
attempted alter the elastic equations produce the concentration 
pressure the central part the compression cone. His attempt extend 
these equations was satisfactory only special cases, single continuous 
function appeared flexible enough satisfy the wide variation soil 
behavior. 

the writer’s opinion the concentration factor introduced later inves- 
tigators and discussed the author will not prove any more satisfactory 
the final analysis. The imperfections the elastic theory applied 
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soils are more deeply seated than that. The discrepancies arise from actual 
discontinuities behavior, and appears fairly obvious that amount 
adjustment will fit these phenomena into framework based fundamentally 
continuity. 

The lateral distribution vertical pressure from finite area primarily 
boundary phenomenon. This may illustrated some results obtained 
experimentally Kégler and These results, shown Fig. 13, 


W=Ap, 


14. 


represent the pressure distribution obtained some depth beneath large 
rigid plate resting the surface sand fill. The dimensions and rigidity 
the plate are such that the load distribution the contact surface 
essentially uniform except for some secondary boundary effects which may 
neglected the present illustration. The important point that 
depth slightly less than one-fourth the diameter the loaded area the initial 
pressure, was transmitted downward without change the central region 
beneath the bearing area. The original pressure distribution shown assum- 
ing uniform pressure, which approximately true this case. The man- 
ner which lateral distribution occurs may described simple terms 
and demonstrates that essentially boundary effect. 

the central column relieved any the applied pressure 
carried downward this must accomplished means shearing 
resistance developed the vertical planes through the edge the bearing 
area. The increase pressure ordinates outside the central column and the 
decrease ordinates inside the central column both originate the boundary 
and this combined effect extends horizontally both directions from that 
plane the depth increases. long the horizontal plane considered 
sufficiently close the bearing surface, the effect from opposite edges does 
not overlap and the maximum pressure, po, may transmitted downward 
without change over some width dependent the limiting angles influence. 

also necessary condition that the areas the pressure diagram 
each depth equal. The areas taken from the original pressure diagram 
should equal the areas transferred the region outside the central 
column. This condition not entirely fulfilled the present illustration 
due inaccuracy assuming uniform distribution pressure the 


absence more complete information regarding distribution the contact 
surface. 


Distribution the Soil”, Dr. and Dr. Scheidig, Die 
Bautechnik, 1927, No. 81, pp. 1-3. 
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One further point brought out connection with Fig. introduces 
the resistance the soil itself influencing the transmission 
the loading continued beyond the point that produces shearing stress 
the perimeter planes excess the shearing resistance the soil 
more pressure can transmitted the region outside the central column. 
obvious then that such additional increments load must carried 
the central column concentration pressure, condition which may 
obtain until the central column loaded beyond its capacity. Thus several 
distinct stages are introduced between which the relations 
involved are quite dissimilar and, therefore, may not expressed 
continuous mathematical function. 

Distribution Pressure the Contact importance the 
pressure distribution the surface contact has been emphasized 
the author and this The type pressure distribution depends 
primarily boundary conditions resistance developed the soil mass; 
and varies depending the relative rigidity the bearing plate, the 
dimensions the loaded area, and the relative intensity the load. With 
all these factors involved, the most fruitful line attack appears 
consider types pressure distribution and their relation the manner 
which resistance load developed. may then possible formulate 
methods evaluating resistance load which are dependent direct 
measurements and independent quantitative determination the actual 
pressure distribution. This seems the only feasible method approach 
evidently impracticable general practice, not impossible, 
measure actual pressure distribution all foundation substructures. 

There are two major types pressure distribution curves which are illus- 
trated Fig. 14, and which depend upon the type boundary reaction 
developed. general, materials that are cohesive develop stress concentra- 
tion the edge the bearing area which may described positive 
boundary reaction. result the pressure the bearing area maximum 
the edge and minimum the center. this case the boundary 
source strength and the reaction developed that point contributes 
the bearing capacity proportion the perimeter-area ratio. There are 
also cases which the boundary source weakness due inability 
develop resistance vertical pressure which may expressed negative 
boundary reaction. The resulting pressure distribution gives maximum ordi- 
nates the center the bearing area and minimum ordinates the edge. 
Such condition obtains the surface bodies granular material and 
typical most the experimental investigations pressure distribution 
that have been made. 

The loss bearing capacity the boundary the loaded area not 
difficult explain the manner which load transmitted through 
granular mass. Particles contact with the bearing plate transmit vertical 
load other particles below the surface through points contact. There 
being cohesion the only means transmission arching action, with 
the reaction horizontal thrust the elementary arches being furnished 
adjacent particles. the edge the area and the free surface the 
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ance horizontal thrust zero, and the mass incapable furnishing 
resistance vertical load. the center the bearing area horizontal 
thrusts are partly balanced and, consequently, the elementary soil arches 
have some stability and are capable carrying higher intensities vertical 
load. 

The situation described not generally encountered practice although 
representative the conditions under which most experimental investi- 
gations have been performed. Substructures and footings are seldom located 
exposed surface, but are located some depth with sufficient static 
head, due overburden, available furnish considerable resistance 
lateral displacement. Bearing-capacity tests granular material conducted 
under the writer’s supervision ‘have shown positive boundary reaction for 
the range during which there resistance prevent lateral dis- 
placement the granular material the edge the bearing The 
behavior foundation mats general indicates that boundary reactions are 
more often positive than negative, inasmuch such mats almost invariably 
become dish-shaped with the concave surface upward. The smaller settle- 
ments the edge such mats, over which the loads are fairly well distrib- 
uted, cam only accounted for when the reaction the soil mass greater 
that point. The writer has encountered very few cases which founda- 
tion mats settled more the edge than the center, and these settlements 
could traced definitely heavy load concentration the edge the mat. 

Somewhat apart from dimensional effects and soil reactions which affect 
pressure distribution the contact surface, consideration must given 
rigidity the bearing plate. All other things being equal, the pressure dis- 
tribution may vary from one extreme type the other, depending upon this 
rigidity. Flexible bearing plates carrying distributed load will conform 
general the deformation the soil mass sufficiently close develop 
uniform pressure the plane contact. Concentrated loads flexible 
plates are generally transmitted through the plates without fully developing 
the contact area, resulting high concentrations pressures directly 
under the load. 

Pressure distributions rigid bearing areas are largely controlled reac- 
tions the soil mass regardless whether the load applied the plate 
concentrated distributed. Some the most effective studies this type 
problem have been made photo-elastic example which 
shown Fig. 15. bakelite sheet, pressed rigid steel die, yields 
stress pattern with high concentrations the edges the die and point 
minimum stress the center. Similar experiments with flexible plates 
show that the concentrations pressure the edge disappear, and that the 
distribution may become practically uniform. 

the preceding discussion the writer has attempted call attention 


with some degree completeness those factors which enter into determi- 

““Subgrade Soil Testi 
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nation stresses foundation. Most, not all, these factors are 
fairly well recognized although they may described different 
The attempt has been made this discussion place emphasis certain 


aspects pressure distribution which the writer believes may correlated 
and: built into system conceptions that will serve practical theory 
soil resistance. 

Because the fact that some the assumptions elastic theory cannot 
applied soils, the distribution stress predicated elasticity cannot 
considered satisfactory except qualitative sense. These limitations 
elastic theory lead one the conclusion that essential simplify the 
methods dealing with the problem, thus making possible include some 
important factors that otherwise may ignored. seems entirely logical 
qualitative treatment pressure distribution accept such simplification 
long the results are only used establish other relations which may 
determined proper quantitative basis. This procedure particularly 
necessary order describe pressure distribution regions close the 
bearing area where dimensional effects and discontinuities due several 
different stages soil resistance are most critical. 

Simplified Method Pressure Distribution—Such simplified method 
pressure distribution shown Fig. 16, which proposed deal 
with pressure distribution linear relations combining triangular and 
rectangular pressure distribution. the examples the succeeding discus- 
sion will treated terms the two-dimensional problem for bearing 
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area finite width, and indefinite The solution this problem 
based the elastic theory credited Michell and has been 
George Paaswell, Am. Soc. The problem will treated terms 
uniform pressure, po, the contact surface and the effect non-uniform 


' 
Equation 


distribution discussed separate consideration. The transition from the 
pressure diagram for the bearing area the pressure diagram any hori- 
zontal plane accompanied satisfying the condition that the area the 
respective diagrams equal, shown Fig. 

Fig. 16(a) the distribution curve given the Michell equation 
replaced straight line which varies from zero the limiting angle 


Pressure Through Solids and Soils and the Related Engineering 
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plane through the edge the bearing area. uniform pressure rectangular 
distribution used under the central column the compression 
average uniform pressure commonly assumed practical problems 
obtained redistribution juxtaposition equal triangles, 1-2-3 and 3-4-5, 
order that the areas the pressure diagram shall the same, the angle 
value commonly assumed. The proper value the limiting angle distribution 
reasons. the first place the experimental investigations have indicated 
angle about degrees. improbable that the very small pressures near 
the limiting zone influence would recorded the measuring devices 
thus far used; therefore, the difference 3.5° not significant. will 
shown subsequently the relation between the angle average pressure 
distribution and the limiting angle influence verifies the slope 
since the equilibrium elements within the compression cone requires that 
the average angle distribution degrees. 

For the purpose discussion, accepting the assumption that the distribu- 
tion angles are correct, three cases pressure distribution arise, defined 
the ratio existing between the width the bearing area and the depth the 


horizontal plane considered. First, the depth less than 


Fig. 16(b) the full intensity the applied pressure reaches the horizontal 
plane over the middle the central column. Such distribution takes into 
account the fact that the lateral distribution boundary effect which 
depends upon the shearing resistance, m’, acting the vertical planes through 
the edge the bearing area. The result also conformity with results 
and Scheidig shown Fig. 13. Second, special case exists 


which the depth, equal illustrated Fig. 16(c) the same 


principles are applied obtaining the pressure distribution were used 
the previous example. Pressure triangles are taken out the original 
pressure diagram equal the pressure distributed either side the cen- 
tral column. The triangle, 1-2-3, subtracted twice, being included the 
distribution both sides and reducing the ordinate the rectangular part 


the diagram The average pressure distribution may used 


obtain the same result, considering the average pressure within 45° angle 
distribution, and changing from the rectangular the triangular distribu- 
tion outside the central column the same manner indicated Fig. 16(a). 


Third, all cases when the ratio greater than necessary first 


obtain the average pressure determine the center ordinate shown 
the diagram, impossible work from the original pressure 
diagram illustrated Fig. 
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The comparison between the simplified pressure distribution and the elastic 
solution Michell has been made for the purpose correlating the pro- 
posed method with previous investigations. the light the limitations 
the elastic theory, the writer does not feel, however, that the mathematical 
solution entitled any pre-eminence criterion accuracy far 
quantitative results are concerned. Nevertheless, interesting note 
wherein the two methods are variance and, the light all factors that 
should considered, discuss the probable accuracy the results obtained. 


For the case which the depth considered less than the agreement 


quite close, but the Michell solution fails give center ordinate equal 
which should the case the boundary effects are properly treated. 
soon the boundary effect from either edge overlaps, for depths greater 


than the elastic solution gives center ordinate greater than that obtained 


from the simplified method. view the factors involved, the writer can 
see little choice either method judging the accuracy the result. The 
simplified method appears include the more rational treatment boundary 
effects; but best only approximation. all cases the elastic 
solution gives smaller ordinates the regions more remote from the central 
column. 

When non-uniform distribution the contact surface considered 
relation the phenomenon lateral distribution pressure the results 
the simplified method appear more favorably. that range load where 
shearing resistance the boundary planes has not been exceeded, distribu- 
tion the contact surface would tend toward maximum pressures the edge 
and minimum pressures the center. Translating these conditions into 
pressure distribution planes below the bearing area, apparent that 
center ordinates would decreased and ordinates outside the central column 
closer conformity with the simplified pressure diagrams. 
felt that this the case more commonly encountered practice. 

the pressure distribution the contact surface maximum the 
center and minimum the edge most experimental results available, 
this behavior may traced failure affect lateral distribution the 
boundary, and there consequent concentration pressure the central 
column. this case the simplified method does have real advantage because 
affords simple and logical method treating concentration pressure 
the central column. The importance this advantage lies not much the 
determination pressure ordinates the central column does 
the correlation distribution beneath loaded area with ability 
load. After determination stresses the soil mass merely 
the first step developing methods evaluating bearing capacity. Thus, 
from study pressure distribution, has been found that one the two 
major types stress shown concentration pressure the central 
column, and the other, resistance developed the boundary 
the central column which affects lateral distribution vertical pressure. 
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The problem now becomes one evaluating the resistance the 
mass these two types stress terms that may subject direct 
measurement. Fig. are shown the stress conditions the compression 
cone terms which possible study the equilibrium the various 
elements and establish their ultimate resistance load. 


m 


Fic. 17. 


Element taken from the central column, offers resistance deformation 
two distinct stress reactions. The first the summation three similar 
pressure components: the vertical pressure representing cubical compres- 
sion with lateral components furnished the confining influence the sur- 
rounding body material and involving shearing stresses within the 
ment; the vertical pressure transmitted downward without increase 
lateral components the full capacity the soil develop shearing 
resistance 45° planes maximum shear; and third increment 
vertical pressure arising from the static pressure due surcharge, which 
some cases may available additional confining influence. three 
these factors are included stress reaction which may defined 
developed pressure and represents the capacity the central column 
transmit vertical load directly downward without failure due 
displacement. 
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The second stress reaction must considered because the lateral dis- 
tribution pressure through the shearing resistance, m’, acting the boun- 
dary planes. The vertical load carried this fashion function the 
perimeter the area and may expressed terms the bearing pressure 
the area dividing the total boundary force, m’P, the area, 
shown the equation for total bearing capacity, po. The 
Element within the compression cone and outside the central column estab- 
lishes certain conditions which must satisfied and leads some significant 
relations. long the shearing resistance, m’, not exceeded, concen- 
tration pressure will develop within the central column and the pressure 
distribution across the compression cone may represented uniform 
pressure, Element must also furnish the lateral component, result- 
ing shearing stress, m’, the horizontal plane bounding the element. 
Under the condition that the normal pressures, n,, acting both the horizontal 
and vertical planes Element are equal, the shearing resistance, m’, 
both planes must also equal the first place this condition requires 
that the angle average distribution 45° other value the angle 
will satisfy all three equations equilibrium, which require that the summa- 
tion horizontal and vertical forces and the summation moments zero. 
The quality shearing stress planes right angles each other, 
stated Cauchy’s theorem“, also may define the angle, 
having specific value degrees. all the requirements for equilib- 
rium elements body material are satisfied except the commonly 
accepted condition continuity stress. the problem under considera- 
tion the discontinuity stress introduced the boundary the compression 
cone agreement with experimental observations, particularly the cone- 
shaped region stress noted 

The increments pressure transmitted concentrations the central 
column not affect the lateral distribution, this path force transmis- 
sion cut off when the ultimate shearing resistance the soil exceeded 
the perimeter planes. The supporting power the soil not exhausted, 
however, until the capacity the mass develop pressure exceeded. Thus, 
the concentration pressure the central column possible, resulting 
pressure distribution that cannot represented average pressure for 
the full width the compression cone. Any attempt use such average 
pressure distribution results erroneous value the angle distribu- 
tion. important note that apparent values this angle less than 
45° are due changing proportion two separate and dissimilar stress 
reactions rather than change the angle lateral distribution. 

Correlation Pressure Distribution and Bearing Capacity—With com- 
plete understanding the nature the stresses imposed body soil 
foundation loads, possible correlate these stresses with the resis- 
tance developed the soil and isolate those factors which must measured 
order evaluate the bearing value the soil. apparent from the 
review pressure distribution that two separate stress reactions are involved 
the problem and these may defined developed pressure and perimeter 
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shear. The bearing capacity, which the combined effect these two types 
resistance, may expressed the following straight-line equation 
oped connection with Fig. which valid for constant value third 
variable, settlement: 


which bearing pressure, pounds per square foot; perimeter 
shear, pounds per linear foot; perimeter, feet; area, square 
feet; and, developed pressure, pounds per square foot. 

The the summation all the increments 
pressure developed the soil mass and designated and the 
previous discussion. For the purpose interpreting load tests soil, 
not necessary measure the separate effects although the subdivision 
useful some other respects. The developed pressure the source the 
major part the bearing capacity practical design, the effect perimeter 
shear being small for large bearing areas with small perimeter-area ratios, 

The perimeter shear important factor, however, the usual sizes 
bearing areas for testing purposes and, unless properly evaluated, load 
tests cannot used determine the supporting value large foundations. 
The perimeter shear, expressed terms concentrated force per 
unit length the perimeter because the boundary effects, either positive 
negative, involve irregularities the distribution shearing stress the 
boundary planes which have not been subjected analysis. 

Evidently, there are two types behavior involved due boundary 
stresses. The primary effect the shearing stress the perimeter planes 
the lateral distribution the pressure which controls the depth affected 
the surface load. The larger the area the greater the depth required for 
distribution and, consequently, the greater the settlement for any given inten- 
sity bearing pressure. This leads the familiar statement that the 
settlement for given intensity pressure proportional the diameter 
the bearing area. Conversely stated, may said that for constant 
settlement the bearing pressure inversely proportional the diameter, 
that proportional the perimeter-area ratio. This statement cor- 
rect far one type reaction concerned, but ignores the fact 
that developed pressure important factor the bearing capacity and 
some degree independent the stress reaction the boundary. 

addition the primary boundary stresses, there are secondary stress 
reactions which lead the non-uniform pressure the bearing area. These 
secondary stress concentrations appear independent the width the 
area and are rather function rigidity the bearing area, granu- 
lar materials, are controlled lack resistance lateral displacement. 
appears impossible present measure these boundary stresses except 
terms concentrated force acting the perimeter and being the inte- 
grated result the complex reactions which have been recognized. 

The analysis series bearing-capacity tests has shown that the 
straight-line equation does reproduce the load-settlement relations for differ- 
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ent sizes bearing area satisfactory degree accuracy within range 
size for which the secondary boundary effects are similar. However, due 
change boundary conditions, load tests bearing areas somewhat 
less than not conform the linear equation for larger plates. 
Although the reasons for this discontinuity are not completely exposed 
present data appears due the secondary boundary reaction which 
independent the bearing area for the larger test sizes. the 
smaller sizes the secondary boundary effects from opposite sides the area 
overlap, and failure takes place due lateral displacement before the full 
supporting value the soil can developed. both cases, however, the 
only factor affected the boundary stress perimeter shear, and the analysis 
tests indicates that the developed pressure remains the same for all sizes 
bearing areas. Until further investigation has been made, appears desir- 
able avoid the discontinuities referred and this may done the 
proper selection test sizes. When this procedure followed, the straight- 
line equation valid and furnishes reliable determination soil resistance. 

this discussion limited space does not permit more 
complete elaboration the conceptions soil resistance herein presented, 
and particularly general relation which correlates bearing capacity with set- 
tlement foundations. Such general equation has been developed with 
examples which the relations were applied the actual design sub- 
structures.” Examples number series load tests are available 
which the factors soil resistance have been evaluated Some 
progress has been made developing method measuring the resistance 
cohesive soils and correlating the cohesion shearing resistance with the 
concentration pressure beneath loaded area, which has been emphasized 
the 

Progress foundation engineering or, more exactly, soil mechanics has 
been rapid the last few years and important contributions the science 
have been made number investigators working widely separated 
localities. The most difficult problem to-day, all this development, for 
the investigators themselves, say nothing others who are interested, 
find opportunity engage free exchange ideas which essential 
for real progress. seldom that paper comprehensive and thorough 
that presented the author available for discussion, and providing this 
opportunity Mr. Cummings has made contribution double value the 
profession. 


Jun. Am. Soc. (by close agreement 
between the wide range experimental data gathered Mr. Cummings and 
the hypothesis stress distribution sand attributed Professors Griffith 
and quite remarkable. seems that the experimental 
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limited measurements depths less than ft, and all but few 
cases depths less. appears reasonable that, great depths, 
sand should act more nearly the manner elastic and homogeneous 
material than shallow depths. The experimental data cited, for example, 
give, for ratio depth radius plate approximately and for depths 
in. and in., the respective values pressure 2.5% and 3.5% the 
intensity load applied. Thus, seems that possibly decreases with 
the depth. 

the equations given the author. However, other empirical relations may 
found which possible take into account the change properties 
the sand with depth and also account for the proper effect near the 
surface. 

simple method which the writer has devised seems offer certain advan- 
tages. consists, briefly, transforming the depth the given material 
arbitrary manner, the transformation depending only the depth, and 
then applying Boussinesq’s equations find the stress horizontal 
planes the transformed material. The vertical stresses thus obtained are 
taken acting the corresponding untransformed depth and will 
statical equilibrium. possible stresses other directions may 
determined well, but not necessary discuss this matter herein. 

Let the depth given horizontal plane the given material denoted 
and the depth after transformation Assume that each element 
depth, dz, transformed the relation, 


which function the depth, alone. Then the transformed depth, 


The value may chosen such way that the stress various 
depths along the line action single concentrated force will the same 
the stress computed for particular value This value found 
be, 


general, the stress surface for particular value and that for 
value given Equation (28) will not the same. However, the differ- 
ence will very small, apparently must be, since the volumes under 
each the stress surfaces are equal, the center heights are equal, and the 
shapes are somewhat similar. For example, the curves Fig. show verti- 
cal sections through the stress surfaces for and for constant 
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Computations for varying values are more difficult than for 
constant values. Furthermore, all existing tables, coefficients, and formulas 
for vertical stress due various given loadings may used directly merely 


taking the value the transformed depth, instead the actual depth, 
The entire process essentially the same change the scale depth, 
other conditions remaining the same. 

Close agreement with the experiments cited the author will also 
obtained use transformed depth. For example, Fig. curves corre- 
sponding Cases and may obtained from Cases and III trans- 
forming the vertical scale these curves multiplying the quantity, 


These curves will lie very close Curves and IV, and, conse- 


quently, will fit the experimental data well. 

Approximate solutions problems similar those discussed the author 
may also obtained various depth transformations. Pressure distribu- 
tion through sand clay, through alternate layers sand and clay, might 
possibly treated. course, the proper method depth transformation 
must chosen, and, apparently, there very little experimental data upon 
which base choice. 


putations the Boussinesq equations, Mr. Cummings has developed some 
empirical formulas for computing stresses under foundation resting sand 
fill. These formulas yield stresses that are smaller than those obtained from 
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the experiments shown Fig. The 
the center the boundary area Cases 
and are equal 200% the stresses 
duced uniformly distributed loading. 

Fig. they are shown, erroneously, be- 
ing infinite. stresses under founda- 
tion computed the assumption that the load 
distribution the form cone, will 
check experimental observations closer than those 
computed for Cases IV, inclusive. 

the case distribution stress beneath 
foundation, the volume the cone equals the 
total load and the reaction the center 
equal (see Fig. 19). The equation the 
cone expressed by: 


Fic. 19.—Conic DIstTRIBv- 
ING AREA. r 

e 


Substituting Equation (29) and Equation (5) Equation (3) (with 
and d), the formula for the vertical normal stress becomes, 


r=6 @=0 
Integrating and simplifying: 


Equation (31), making the pressure the boundary plane, 
becomes equal 300% the pressure for uniformly distributed 
loading. 

Case Distribution Equation (29) and 
Equation (5) Equation (3) (with and d), the formula for the 
vertical normal stress is, 

r=r, 


r=0 0=0 
Intergrating and simplifying, 
making Equation (33) the pressure the boundary plane 
300% the pressure computed for uniformly distributed 
the deeper planes the pressures computed for conic distribution 


loading, with are close the average stresses shown Fig. 
which were determined experiments. 
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The Boussinesq equations have considerable theoretical value. Various 
simplified theories computing the stresses under foundation are based 
them. computing the stresses under large foundation, however, 
theory based assumed pyramid distribution the stresses has con- 
siderable advantage. Paul has computed the stresses and deforma- 
tions under foundation this manner and has found that such stresses and 
deformations are closely agreement with those determined the Boussinesq 
equations. assumed pyramid the sides which were inclined 
angle 35° the vertical. plastic soils the side angles vary from 
degrees. 

The problem computing stresses under foundation very complicated 
and requires extensive experimental and theoretical study. Mr. Cummings 
has contributed valuable experimental analysis. 


Ese. (by letter)—The question stress distribution 
semi-infinite elastic body, which was treated successfully Boussinesq 
fifty years ago, has since been extensively elaborated. Unfortunately, most 
publications this subject are little known foundation engineers, spite 
the fact that these solutions could applied many problems the 
field earth and foundation engineering. This situation probably due 
the intricate mathematics involved. desirable, therefore, that the 
results such theoretical findings should presented the Engineering 
Profession form easily understood and adapted ready application. 

The author has been successful presenting, concise and clear man- 
ner, those results Boussinesq’s studies which are most important founda- 
tion engineering. has also presented recent modification Boussinesq’s 
equations which makes possible semi-empirical approach the problem 
stress distribution soils that not follow Hooke’s law; and, finally, 
has compared the most outstanding experimental investigations, with theory. 
This comparative analysis experimental results and theoretical solutions 
very enlightening, and its careful study heartily recommended those 
who desire information the degree deviation which may expected 
between computed and actual stress distribution homogeneous mass 
soil. 

Mr. Cummings has confined himself considerations stress distribu- 
tion within semi-infinite, elastically isotropic body. Frequently the boundary 
conditions the lack homogeneity the soil mass such that the assump- 
tion isotropic, semi-infinite body represents only rough approximation. 
Fortunately, mathematical solutions are available for number cases with 
more complicated boundary conditions, and even for elastically anisotropic 
materials, restricted only the assumption the validity Hooke’s law. 

condition frequently encountered the presence practically incom- 
pressible stratum (rock) underlying compressible soil stratum. Usually, 
will correct assume the surface the incompressible stratum 
rough that slippage between the two strata can occur. The other extreme 
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would represented frictionless rigid bed. either case the vertical 
displacement the elevation the rigid surface reduced zero 
forces acting upward direction, thereby increasing the concentration 
stresses. 

The presence thin sand layers within otherwise isotropic 
clay has restraining influence which can idealized the assumption 
infinitesimally thin, inextensible, flexible layer. 

Following suggestion the writer, made comparative 
study the effects such discontinuities the stress distribution for point 
and line loading. For this analysis used original approach, although 
some the solutions were found before Michell, Melan, and 


Stress Distribution 


Stress Distribution 
under Point Load 


under Line Load 


Values of C 


The results are shown Fig. 20, which the stresses are plotted such 
scale that the maximum stress for Boussinesq’s solution, taken unity. 
For the case vertical point load, the maximum normal stress 
horizontal plane depth, expressed by: 

which, addition the notation the paper, the maximum normal 
stress horizontal plane; and constant with values shown 


Table For the case line load, per unit length, the maximum normal 
stress horizontal plane depth, expressed by: 


Certain Discontinuities the Pressure Distribution Loaded Soil”. 
Biot, Physics, December, 1935. 
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will noted that Equations (34) and (35) are built that they con- 
sist the product numerical constant and another term which identical 
with Boussinesq’s solution. Thus, these constants immediately indicate the 
degree deviation which the presence the boundary produces compared 
with the stresses the semi-infinite homogeneous body. 


20) Description Equation (34) Equation (35) 


The relative amount concentration caused the presence incom- 
pressible sub-stratum decreases with increasing ratio the width the 
loaded area the depth the rigid bed. When this ratio greater than 
unity, the stresses beneath the interior the loaded area approach those 
computed the integration solution. 

Although the presence single, inextensible layer causes only small 
reduction the maximum stresses, likely that the presence many such 
layers (as the case, for example, certain varved clays) would cause 
appreciable spreading the load, compared with Boussinesq’s distribution. 
According Professor Biot would possible solve such cases, although 
would require large number computations. view the fact that 
such computations need made only once, and available published 
form, could readily applied, they would represent worth-while contribution 
soil mechanics. 

Another way approach the problem determining the stress distribu- 
tion stratified soils assuming anisotropic material possessing 
greater modulus elasticity the direction parallel the planes stratifi- 
Solutions for anisotropic, elastic materials, corresponding those 
Boussinesq, have been found Michel” and Wolf™. 

If, for example, soil stratum consists alternating layers sandy silt 
and clay, the moduli elasticity, and each these materials can 
determined from tests undisturbed samples. Assuming, for the sake 
simplicity, these layers equal thickness, then the average moduli 
elasticity horizontal and vertical direction for the entire stratum can 
easily derived mathematically, and are found be: 


9 
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Equations (36) and (37) become somewhat more complicated the thick- 
nesses the alternating layers are not equal. For example, 
1000 per cm, and 100 per cm, Equations (36) and (87) 
yield 550 per cm, and 182 per respectively. When 
substituting these values the formulas derived for line load, 
one arrives maximum stress along the center line which only about one- 
half the value for such stress isotropic material. true that 
integration over finite area and relatively shallow depth results smaller 
reduction the stresses. However, even average reduction 20% 30% 
the stresses that part the soil which contributes most the 
ment structure, great importance settlement analysis, particu- 
larly when the soil preconsolidated under loads greater than the present 
over-burden. 

Such cases are much more difficult evaluate analytically where thick 
stratum sand gravel overlies stratum compressible soil, because 
the assumption average modulus elasticity for the sand layer deviates 
materially from the actual conditions. The modulus elasticity within the 
sand layer increases proportion the depth, and there additional 
increase its magnitude beneath the loaded area, due the stresses produced 
the load. Taking all factors into account, the modulus elasticity 
the sand layer largest below the center the loaded area. 

For such conditions, computations based Boussinesq’s stress distribu- 
tion may lead estimates amount and distribution settlements far 
excess those actually observed. The writer has had opportunity study 
number such cases and has noticed invariably that such sand and gravel 
layers, overlying compressible strata, reduce the magnitude the stresses 
the compressible layer spreading the load, and are very effective smooth- 
ing out those differential settlements which would take place Boussinesq’s 
equations were applicable. 

analytical approach the problem stress distribution stratum 
clay that overlaid stratum granular soil very difficult. For 
approximate solution one may replace the actual thickness the harder, 
upper stratum thicker layer the softer underlying soil, whereby the 
assumed increase thickness function the ratio the moduli elas- 
ticity both soils, method suggested 

connection with investigation the probable settlements 
extension existing utility structure, which accurate settlement records 
were available, the writer has applied the foregoing method, well Equa- 
tion (3) the paper, with n-values less than three, obtain computed settle- 
ment curves which would correspond shape the observed settlements. 
These buildings are resting layer sand thick, that underlaid 
100 clay. The results obtained with both methods are practically 
identical. One might argue that, from purely theoretical standpoint, the 
method increasing the thickness the upper stratum preferable because 
Boussinesq’s formula permits the application the law superposition. 


und von Charles Terzaghi, Am. Soc. E.. 
Oesterreichische Bauzeitung, No. 25, 1982. 
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However, when one considers the large variations the modulus elasticity 
within the sand stratum, both methods are equally objectionable from 
theoretical point view. 

The actual settlements the edge the loaded area are larger relation 
the settlement the central part, than according either these approxi- 
mate methods. Due the larger stresses beneath the central part, the modu- 
lus elasticity that region the sand large and hence individual loads 
are distributed over wider area, than the same loads near the edge, where 
the smaller stresses mobilize smaller modulus elasticity. Further- 
more, the distribution the loads near the edge unsymmetrical with the 
greater concentration the outside the loaded area. Although not 
possible consider these variations either the aforementioned approxi- 
mate methods, the writer has found that one can arrive satisfactory solu- 
tions assuming the loads the central part acting higher elevation 
than the loads along the edge, with gradual transition for loads intermedi- 
ately situated. This procedure similar the method which the thickness 
the harder stratum increased, except that the increase not constant, 
but minimum the edge. The writer found that, for layer sand over- 
lying medium stiff clay, the loads may assumed distributed over 
thickened layer, the upper border forming semi-ellipse with the horizontal 
axis equal the width the loaded area, and the vertical axis equal 
one-half the thickness the sand stratum. This simple rule is, course, 
subject modification more observation data become available. 

The objection may raised against this solution that the surface 
which the loads are applied not plane, and that, therefore, Boussinesq’s 
formulas not apply. However, must remembered that soon one 
deals with sand, none the suggested methods has any scientific value, but 
that these methods only represent rules-of-thumb for arriving stress dis- 
tributions which are similar character those actually observed. There 
would neither more nor less reason assume probability function for 
such distribution, rather than Boussinesq’s equation, the modification 
Griffith-Froehlich, can shown that such function also approaches 
the observed distributions. one tried retain Boussinesq’s formulas, 
would merely for the sake convenience, since very useful numerical .and 
graphical solutions are available for such formulas.” 

Stress computations the foregoing type are used, combination with 
the necessary data the physical properties the soils, for analyzing 
settlements and the stability foundations. 

For settlement analysis one often satisfied compute the volume 
decrease due the normal stresses horizontal planes. This approach 
simple but involves two approximations: that the rate volume 
Influence table Glennon Gilboy, Assoc. Am. Soc. pub. the Progress 


the Committee and Foundations, Proceedings, Am. Soc. May, 
1933, 781; tables for normal and shearing stresses, for various load conditions, 


“The Application Theories Elasticity and Plasticity Foundation 
Journal, Boston Soc. Civ. Engrs., July, 1934; and graphical solutions for 
distribution normal stresses and deformations under rectangular loaded areas, 
Steinbrenner, in “Tafeln zur Setzungsberechnung”, Die Strasse, No. 4, 1934: and influence 
tables for the same case Newmark, Jun. Am. Soc. “Simplified Computa- 
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decrease equal the volume decrease observed compression test with 
lateral confinement (consolidation test), and independent the distortion 
the mass; and, second, that the effect the normal stresses vertical 
planes, and the shearing stresses volume decrease, can neglected. 

Regarding the first assumption, 1931, the succeeded demon- 
strating with new type shearing apparatus that the compressibility 
clays increased simultaneous deformation. Unfortunately, data are 
yet available the amount this increase for undisturbed clay, and 
for the magnitude distortion normally encountered the soil underlying 
structures. The writer believes that for such conditions this influence 
negligible. 

The second assumption leads errors which, for the majority founda- 
tion problems, are tolerably small. Besides, many cases, where the loading 
simple, mot necessary introduce such approximation, because 
possible with equal, even with less, work apply directly the formulas for 
strain which Boussinesq and others have derived. This procedure will 
illustrated the following example which the writer has used for instruction 
purposes since 

circular area with the diameter, resting the surface semi- 


body with constant modulus elasticity, loaded with per unit 


area. The theory elasticity gives for the total displacement, the 
center the area (settlement) the following formula: 


which represents Poisson’s number. 

For the extreme cases perfectly incompressible material, with 
and perfectly compressible material, with the displacements are 
follows: 

For 


and form 


The settlement the center, therefore, corresponds the decrease 
length cylinder the same material, loaded with the same unit load, 
and height equal 0.75; or, 1.00 times the diameter the area. 
Although most materials, deformation and volume change cannot 
separated, their relation being expressed Poisson’s number, such separa- 
tion possible for clays. stresses are introduced into mass plastic 
soil will first deform without volume change, and, subsequently, gradual 


Mass. Inst. 1932; see, also, “The Shearing Resistance 
Journal, Boston Soc. Civ. July, 1934: “New Facts Soil Mechanics from the 
Research Laboratories”. Casagrande. Engineering News-Record, September 1935; 


and “Characteristics Cohesionless Soils Affecting the Stability Slopes and 


Casagrande, Journal, Boston Soc. Civ. Engrs., January, 1936. 
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yolume decrease will take place rate which dependent the dimensions, 
drainage, and consolidation characteristics the mass soil. 

The settlement due immediate deformation, without volume change, 
can found utilizing the stress-strain diagram from unconfined com- 
pression test undisturbed sample the clay. typical result such 
test shown Fig. the majority cases the stress-strain curve 
for the range the stresses which are introduced into the soil the load, 
can very well replaced straight line. The slope this line desig- 
nated the modulus deformation, its effect this modulus corre- 
sponds the modulus elasticity used the theory elasticity. With the 
assumption straight-line relationship with the same slope the entire 
mass soil one fulfills all requirements permit the application the theory 
elasticity. Since for the deformation without volume change, one 
arrives the settlement the center the circular area, due deformation 
only, replacing, Equation (39), the modulus elasticity, the 
modulus deformation, 

The subsequent settlement, due gradual volume decrease, can deter- 
mined with the help the pressure-void ratio relationship shown Fig. 
which obtained from consolidation test (confined compression test) 
undisturbed sample. Since homogeneous mass soil assumed, the entire 
mass preconsolidated under the same load, po. The loading raises this 
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21. 


intrinsic stress the soil varying amounts, maximum (po p). 
For this range stresses the change volume may represented with 
sufficient degree accuracy straight line with the slope equal the 


coefficient compressibility”, From this value the correspond- 
ing ratio stress over strain derived, thus: 


e, es 
von Charles Terzaghi, Am. Soc. Vienna, 1925. 
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which defined the modulus volume change. This modulus corresponds 
the modulus elasticity material following Hooke’s law, and with 
m.= The only assumption made this analysis the same that 
made previously, namely, that the rate volume change independent 
deformations. 

Thus, the consolidation the mass clay has been reduced the behavior 
material following Hooke’s law, and with Therefore, the settle- 
ment the circular area, due consolidation only can found replacing 
Equation (40) the modulus elasticity, the modulus volume 
change, Hence, the total settlement the center this area will be: 


similar manner one can derive formulas for the settlement other points 
the surface, and for other areas. 

closing, the writer wishes note that, his experience, settlement 
due consolidation genuine clays can analyzed and predicted, the 
basis tests undisturbed samples, with satisfactory degree accuracy. 
However, for slightly silt clays, silts, and certain organic 
silts, amount care can prevent sufficient disturbance the samples 
cause appreciable increase compressibility. For such materials, 
predicted settlements have frequently been too large. 

The immediate settlement due deformation clay under large loaded 
areas was found the writer always less than the values computed 
the basis unconfined compression tests undisturbed samples. Some- 
times, this has been very large. The cause this behavior is, 
present, unexplained. 


has served bring out least three important phases the problem the 
distribution stresses through soils. These appear be: (1) Questions 
isotropy and Hooke’s law; (2) the distribution pressure the contact 
surface; and (3) the effect depth the stress distribution. The writer 
proposes devote this closing diseussion consideration these three 
topics. 

Before considering the various topics mentioned during the discussion, 
however, the writer wishes demonstrate the derivation the stress equa- 
tions for another type surface-load distribution shown Fig. 22. 
distinguish from the parabolic distribution Fig. 3(b), this will referred 
inverse parabolic distribution, varying according the equation: 


that the volume generated rotating the shaded area around the vertical 
axis equal the volume the circular disk Fig. 
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Case Parabolic Distribution Equa- 
tion (43) and Equation (5) into Equation (3), with and gives: 


r=re 0=27 
r=0 @6=0 


With the method used Professor Krynine the derivation Equa- 
tion (25), the integration and simplification Equation (44) leads to: 


Case Parabolic Distribution 6).—In manner simi- 
lar Case VII, the substitution Equation (43) and Equation (5) into 


2 4 

easily seen substitution into Equations (45) and (46) that 
the vertical normal stress the vertical center line the ground surface 
zero. This accordance with the load condition Fig. 22. The manner 
which this stress varies with the depth considerable interest and the 
graphs Equations (45) and (46) are shown Fig. 23. 

Isotropy and Hooke’s Law.—This subject mentioned Messrs. Williams, 
Krynine, Biot, Feld, Paaswell, Housel, and Casagrande. well known, 
Hooke’s law very simple statement that “stress proportional strain.” 
Isotropy not quite easily defined. Professor Krynine uses the terms, 
“monotonous” and “statistical”, describe different degrees isotropy. His 
conception “continuum” and the number particles given volume 
connotes the idea that some way isotropy related density. Mr. Feld 
describes body one “having the same physical properties 
all directions.” The writer prefers Mr. Feld’s statement, and believes that the 
chances misunderstanding will lessened materially strict adherence 
the definition isotropy commonly used the mathematical theory 
elasticity. Max states that, 

“The necessary and sufficient condition for body elastically iso- 
tropic—that is, that should have favored directions all—is that its 
elastic constants should all invariant with respect any change the 
coordinate system, or, what amounts the same thing, that can made 
coincide with itself means any arbitrary rotation. Hence, 
follows that the elastic potential isotropic body has only two constants 
which are independent other *.” 

the writer’s belief that this definition precludes the idea different 

With the exception Mr. Paaswell, all who contributed the discussion 
appear agreed that soils not always follow Hooke’s law and that 


Theoretical Physics”, Vol. II, 66. 
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they are not isotropic the sense which this word defined the 
matical theory elasticity. Mr. Paaswell states that the use the 
Boussinesq equations “in foundation design involves the same degree 
accuracy the use the ordinary Bernoulli formulas for flexure.” 
flexure formulas, course, are based the assumption that the displace- 
ments are infinitesimal and that the material question follows Hooke’s 
However, the closing sentence his discussion, Mr. Paaswell mentions the 
horizontal normal stresses well the vertical normal stress which repre- 
sented Equation 2(c). The equations for these horizontal normal stresses 


20 4 
Vertical Normal Stresses Center 
Line as Percentages of p, 
Fic. PARABOLIC DISTRIBUTION. Fic. 23. 


include the elastic constants the material and the sum the three normal 
stresses one the well-known invariants the mathematical theory 
elasticity. other words, elastic solid obeying Hooke’s law 
and subjected infinitesimal displacements which are within the 
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limits the material, the stress system point within the solid includes 
three normal stresses and two these stresses contain elastic constants. 

For ordinary soils, Mr. Paaswell states that the terms containing these 
constants will vanish. the writer unable understand 
how this problem can expected work both ways. According Boussi- 
nesq, two the three normal stress equations contain elastic constants. With 
the terms containing the elastic constants eliminated from the stress equa- 
tions, evident that they are longer those given Boussinesq. 
appears, therefore, that Mr. Paaswell agrees with the writer’s Conclusion (2), 
namely, that the equations the theory elasticity must modified 
before they can applied soils. 

taken for granted that soils not obey Hooke’s law and that 
they are not elastically isotropic, there arises the question what 
done about calculating stress distributions soils. the writer’s opinion 
there are several possible methods approach: (1) assuming that soils 
are anisotropic; (2) modifying the equations for elastic isotropic solids; 
and (8) eliminating the theory elasticity favor “rational method”. 

(1) The problem can attacked the assumption that soils are aniso- 
tropic and that necessary use additional elastic constants represent 
the variations the elastic properties the soil different directions. 
This method has been demonstrated Professor also the 
method used the study the elastic behavior crystals.” 

(2) The equations for elastic isotropic solids may modified with 
parameters the manner demonstrated and Froehlich.” The 
numerical values the parameters are determined comparison with 
experiments. This the method used the writer. 

The theory elasticity may eliminated entirely and the problem 
attacked what may termed rational basis. This method represented 
the procedure outlined Professor Housel who attributes considerable 
importance surface phenomena, particularly the edge effect the peri- 
meter footing. Professor Housel’s method similar that developed 
Froehlich” and referred him “die kritische Randbelastung.” 
this method the coefficient internal friction, plays important part. 

The interesting fact about these several methods attacking the problem 
stress distributions soils that, some extent, they appear 
various ways. his Equation (21), Professor Krynine shows 
relationship between the Griffith-Froehlich and Terzaghi’s coefficient 
pressure rest, The coefficient turn, related the coefficient 
internal friction, Mr. Newmark has developed function, which 
expresses terms Equation (28). With the aid the Rankine 
stress circle, has shown relationship between the concentration 


“Ausbreitung der Kraft der Halbebene und 
Zeitschrift fiir ange, Math. Mech., 1935, Vol. 15, No. 249 
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factor, and the coefficient internal friction, The same writer 
demonstrated mathematically that the concentration factor, more less 
than depending whether the elastic modulus the soil increaseg 
decreases with the depth. means Fig. 16, Professor Housel compares 
his solution with that Michell which based the theory. 

This problem presents interesting field for further study particularly 
means large-scale experiments actual structures. Information ayail- 
able the subject present insufficient enable one state that any 
particular method calculating stress distributions preferred 
others. 

Distribution Pressure the Contact problem has been 
discussed Messrs. Williams, Krynine, Wilcoxen, Findley, Feld, Salter, 
Housel, and Eremin. There question but that important factor 
the behavior foundations. The subject not fully understood, and yet, 
all the unsolved problems foundation engineering, probably the 
least difficult investigate experimentally large scale. neither 
difficult nor expensive bury pressure cells under full-sized structures 
order determine actual pressures the plane contact between 
foundation and soil. readings continued over period time 
would show the nature any changes that might occur these 
pressure distributions. 

his discussion the problem, Mr. Wilcoxen presents Fig. 9(b), 
showing surface distribution which maximum the edges and 
the center the plate. Within the solid shows stress distribution 
which the vertical stress the vertical center line reaches maximum 
300% the average surface load. This maximum shown depth 
about one-half the diameter the plate. Mr. Wilcoxen implies that 
error has been made the interpretation this experiment, and that 
Fig. 9(b) represents the true explanation. 

The distribution surface pressure Fig. 9(b) the same that 
Fig. 22. The vertical normal stress the vertical center line, for the load 
condition Fig. 22, shown Fig. 23. easily seen from Fig. that 
point the vertical center line this stress anywhere near 300% 
the average surface load either the elastic isotropic solid 
sand 6). The distribution surface pressure and the stress 
tion within the solid, shown Fig. 9(b), are not compatible. The 
ment performed Mr. Wilcoxen difficult interpret, but appears 
have been impact experiment rather than one static pressure. The 
thickness the steel test plate not given that impossible state 
whether not the plate would act rigid body under the blows the 
fence-post. 

However, some very careful experiments have been performed 
and for the purpose determining the distribution pressure 
the contact plane between rigid body and bed sand. For the rigid 


November 29, 1929, Heft 52. 
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body, they used heavy circular block concrete, (24.8 in.) 
diameter. Pressure cells were embedded the lower face the block 
that the variation pressure over the contact plane could determined. 
the same time, pressure cells were placed the sand bed depth 
(15.7 in.) The block was loaded and simultaneous readings were made 
the pressure distribution the surface and the stress distribution 
the sand. The results obtained these experiments agreed with Mr. 
coxen’s Fig. 9(a). the contact plane the pressure was maximum 
the center. Mr. Wilcoxen states that “foundation flexibility the key the 
resulting type surface stress distribution.” the writer’s opinion this 
only half the problem. The other half depends the elastic properties 
the material which the foundation built. 

factor this problem that sometimes overlooked the horizontal 
friction force that may developed the plane contact. The point load, 
Fig. normal the surface the solid. When Equation 
integrated over finite area there implied assumption that the pressure 
under the finite area normal the surface the solid and that 
horizontal forces are acting the contact plane. the case actual 
footing, almost certain that, under some conditions, appreciable hori- 
zontal forces are generated the contact plane. These forces affect the stress 
distribution within the solid. Almost information available the 
nature and magnitude these horizontal forces under foundation even 
under test plate. has discussed several theoretical 
solutions involving horizontal forces applied the surface the solid 
various ways. 

Messrs. Findley and Salter have discussed this question from the point 
view the practical designing engineer. Serious complications are 
involved, course, dealing with the general problem given foundation 
given soil. There also the question how far practical designer 
should his efforts determine the probable distribution pressure 
the contact plane. present, the practical designer not able very 
far this direction due the lack field data the actual pressure 
distributions that exist under full-sized structures. Without these data with 
which check the theoretical analysis, the problem still more less the 
field speculation far actual foundations and actual soils are concerned. 

this connection noted that Boussinesq’s methods not lead 
solution this general problem. The surface load distributions shown 
Figs. 3(a), 3(b), 19, and 22, are not confused with actual plates 
footings. They are simply normal loads distributed over part the 
surface the solid. these surface distributions are known, Boussinesq’s 
methods applying potential functions can used determine the dis- 
tribution stresses within the solid. If, instead these surface pressures, 
the displacements the surface are given, Boussinesq’s analysis can also 
applied, and the stress distribution within the solid can found from 
the surface displacements. 
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However, the general problem, neither the pressure distribution nor 
the surface displacements given. footing with certain elastic properties 
placed soil with other elastic properties. The footing 
loaded means concentrated column load, otherwise. The available 
methods for attacking this problem and the solution practical problem 
this type, were outlined 1935 The solutions for 
number cases involving circular plates carrying various types loads 
have been published Dr. Ing. Ferdinand The equations for 
stresses and displacements include the elastic properties the plate well 
the elastic modulus the foundation material. 

The Effect Depth Stress Distribution—This subject was mentioned 
several times during the discussion. Professor Krynine states that, “prob- 
ably certain depth within the earth all matter obeys the Boussinesq 
law Mr. Newmark calls attention the fact that the 
experimental data are limited measurements depths less than 
and that, great depths, sand should act more 
nearly the manner elastic and homogeneous material 

true, course, that the physical properties soils depend some 
extent the pressures under which they exist. sand, generally 
agreed that the elastic modulus increases directly with the depth. For 
homogeneous sand bed great depth, the elastic properties depth 
would certainly differ from those depth ft. question, 
therefore, how far the experiments may extrapolated for application 
full-sized structures. has been shown, the experiments indicated 
value about for the concentration factor, Whether not stress 
concentration factor high would apply full-sized structure 
deep bed sand largely matter speculation. seems probable that, 
bed compact sand indefinite depth, the average stress concentra- 
tion factor might not reach value although would more than 

discussing this question depth, Mr. Paaswell mentions Boussinesq’s 
theory “local perturbations” and states that, “the manner loading 
foundation and the soil pressures near its loading can generally ignored 
the determination the stress distribution the deep strata 
This correct the strata under consideration are deep enough. However, 
when analogy drawn between the foundation problem and the girder 
problem, done Mr. Paaswell, there one important factor the 
foundation problem that must not overlooked. 

‘Depth” the foundation problem relative term and the vertical 
co-ordinates Figs. and are not absolute depths; they are ratios 
depth radius loaded area. The concentrated load the girder problem 
not exactly analogous the distributed loads the foundation problem. 
general, the stress distribution are made for structures that 
cover ground areas the order 100 200 diameter. Even the 
structure were supported isolated footings, the entire loaded area 
that would have considered. the same time, the depth from ground 
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level rock hardpan, over the greater part the surface the earth, 
also the order 100 200 ft. There are well-known exceptions, 
course, such the City Mexico and the mouths the Mississippi and the 
Yangtse Rivers. However, the most common condition one which 
the depth soil and the diameter the loaded area are the same order 
magnitude. other words, practical foundation problem, the 
region represented the upper parts Figs. and that particular 
interest. this region the distribution surface pressure especially 
important and, regardless the probable value the concentration factor, 
there are large variations the magnitude the soil stresses due entirely 
the manner which the ground surface loaded. The foundation 
problem, therefore, appears largely question surface phenomena 
and local perturbations rather than one stress distributions semi-infinite 
solid depths great that the surface load conditions can ignored. 

This problem stress distributions also influenced other important 
factors, such those mentioned Professor Casagrande. Rigid underlying 
strata; planes discontinuity due stratification the soil mass; soft 
clay beds under beds dense sand—all affect the stress distributions. These 
problems have been attacked theoretically and for some them theoretical 
solution available. Proof the accuracy the theoretical analysis must 
await the collection data the field. interesting note that the 
case rigid underlying stratum, Dr. Biot’s equations (Fig. 20) indicate 
stress concentrations excess those given the Boussinesq equation. 
most the experiments shown Table and Fig. the pressure cells 
were placed the more less rigid concrete floor the laboratory. The 
experiments produced stress concentrations similar those required Dr. 
Biot’s analysis. 

Summary and number and variety the discussions 
this paper are indicative the great interest that has developed founda- 
tion problems and soil mechanics recent years. Nevertheless, there can 
question the truth Professor Williams’ remark concerning the 
“rather amorphous state foundation literature” the present time. How- 
ever, Professor Williams sees reason for discouragement this situation; 
nor can the writer. believed that parallel can drawn between the 
development soil mechanics and the development the theory elasticity 
which the basis modern structural analysis. 

Galileo, 1638, was the first mathematician endeavor determine 
the nature the resistance beam rupture. During the next 200 the 
development the elastic theory was the hands such men Galileo, 
Hooke, Mariotte, Young, Euler, Daniel Bernoulli, James Bernoulli, Grange, 
Coulomb, and others. These are all well-known names and yet, the 
“Historical Introduction” his “Mathematical Theory Elasticity,” Love 
writes, follows: 


“At the end the year 1820 the fruit all the ingenuity expended 
flexure, erroneous theory torsion, unproved theory the vibrations 
bars and plates, and the definition Young’s modulus.” 
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However, Love goes state that such estimate would 
give very wrong impression the value the older researches”. The year 
1821 marks the discovery Navier the general differential equations 
elastic equilibrium. Since then another hundred years have elapsed during 
which elastic theory and structural analysis have made great progress 
many directions. 

comparison with this record, soil mechanics and foundation engineering 
are very young sciences. Rankine’s work about eighty years old and his 
theories are now termed Boussinesq’s great works pulverulent 
masses and the theory stress distributions are only fifty years old. 
Terzaghi published his theory the consolidation clay about fifteen years 
ago. the past ten years much progress has been made, although many 
important problems remain unsolved. The most serious obstacle the way 
further progress the present time the lack accurate information 
the behavior existing structures. 

conclusion, the writer wishes express his sincere thanks those 
who contributed the discussion. feels that the value his paper was 
materially increased reason the discussion, and believes that the 
discussion has demonstrated the validity his original conclusions. 
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SOME LOW-TEMPERATURE CHARACTERISTICS. 
BITUMINOUS PAVING COMPOSITIONS 


SKIDMORE. 

Synopsis 

Stability temperatures approximating hot-weather temperatures the 
pavement has become thoroughly established basic requirement bitumi- 
nous compositions. Means measuring and rating this important property 
have been perfected result laboratory experiments and have been proved 
sound through several years practical application. Two contemporary 
tests have evolved with resistance shear the basic principle both: one 
(the extrusion test) the shear measured indirectly and the other (the 
direct test), simple shear measured directly, and values are expressed 
pounds per square inch. The latter method distinctly convenient com- 
paring variety compositions which may have been tested cylinders 
from in. in., more, diameter, since values the extrusion test 
are not reducible unit loads. 

Although much work has been done connection with summer tempera- 
ture characteristics, with the result that the elements mixture design 
involved have become thoroughly understood, little, any, study has been 
made concerning low-temperature performance paving compositions. With 
the thought that such investigation should throw much light upon sev- 
eral questions that have long been unanswered and have given engineers 
much concern, the results systematic course study, begun 1931, are 
reported this paper. 


recognized that some engineers have avoided the use bituminous 
pavements because they were not always certain the capacity these types 
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withstand winters, although well known that many bituminous com- 
positions have withstood severe low temperatures for long periods. Just why 
some pavements have failed has never been clearly explained. Aside 
from failures definitely attributable base sub-grade, bituminous com- 
positions may crack too profusely, they may become brittle, and ravel low 
temperatures. Definite means avoiding these faults have not been hand 
because data have not been available with reference the character- 
istics bituminous paving compositions over wide range temperatures, 
particularly low temperatures. 

One the early disclosures experimental work with stability tempera- 
tures above normal air temperature was that mixture resistance shearing 
forces mainly resided the mineral structure (especially the finely divided 
mineral filler) and that the bituminous cement was decidedly secondary 
importance. Although there were noticeable differences between various 
cements given mineral structure, and although differences consistency 
cement accounted for some change stability, these differences were 
minor importance compared with those stability that were due 
specifically changes mineral composition. 

One the first items significance encountered studying mixtures 
low temperatures was the important the bitumen such mixtures, 
both with respect its normal consistency and its inherent qualities, such 
may result from refining methods from the parent crude oil. the 
temperature reduced, the bituminous cement becomes more and more 
the outstanding faetor the strength the composition. For example, there 
are obvious characteristic differences between straight-run and 
cracked oxidized cements; and there are equally distinctive differences 
between tar and some asphalts and between asphalts from mid-Continent, 
California, and South American sources. Such facts were suspected, but 
certainly they were not actually known until the studies were undertaken. 

Although the data reported herein pertain sheet asphalt mixtures the 
hot-mix type, sufficient work has been done with other compositions demon- 
strate that typical characteristics disclosed these studies are common 
bituminous paving compositions general. Important avenues further 
investigation with reference specific differences between fine and coarse 
aggregate mixtures, hot and cold-mix types, and other such comparisons, are 
clearly indicated. 


Mixtures 


order develop general comparison the twenty more cements 
included this study, normal sheet asphalt composition was chosen, with 
the bitumen the only variable. The commonly used consistency 
penetration was selected, with few examples given cement over com- 
plete range consistencies from low high penetration. Normal 
tures were designed with bitumen filling the voids the dry, compacted, 
mineral aggregate. Variations from normal design were also studied with 
the bitumen content both less and more than mineral voids. moderate 
filler content 20% weight total mineral aggregate (about 14% 
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mineral passing 200-mesh sieve the finished mixture) was used the 
main group, with more, and less, filler used one group determine 
the general effect variations filler content. Thus, fairly wide scope 
possible variables applicable fine aggregate compositions was covered 
these studies. 

AGGREGATES 

order eliminate possible sources uncontrolled variables, 
sand controlled grading, obtained from single source, was selected. 
recognized that, all likelihood, similar mixtures with sands from other 
sources and gradations would produce different values, but extensive investi- 
gations the past have indicated quite conclusively that there character- 
istic order values for any given aggregate material and that, far, 
practical sheet asphalt gradations are concerned, the order stability rather 
well defined, depending mainly upon filler content for marked increases 
decreases. Hence, was felt that although the studies variety sands 
and fillers would interesting academically, the chances were slight that 
any really vital information would developed such studies. 

The Lake Michigan sand that was selected common the territory 
the Great Lakes region, and has been used for many years asphalt paving 
construction. Although not the best sand encountered, has the advan- 
tage extreme cleanliness, uniformity composition, grain shape, and size 
within the range material passing any given sieve opening. The sand was 
separated the 10, 40, and 80-mesh sieves and recombined definite 
grading follows: 


Percentage passing the 80-mesh sieve, and 


retained the sieve........... 21.6 
Percentage passing the 40-mesh sieve and 
retained the 80-mesh sieve............ 47.3 
Percentage passing the 10-mesh sieve and 
retained the 40-mesh 31.1 


The specific gravity this sand was 2.65. 

Mineral Filler—The limestone dust filler has also been used extensively 
the Chicago area for many years. made pulverizing hard, dur- 
able white limestone and, the tests, had the following characteristics: 


Percentage passing sieve........ 61.3 
Percentage passing 200-mesh sieve and 

retained sieve............ 15.0 
Percentage passing 80-mesh sieve and 

retained 200-mesh sieve............ 23.7 


The gravity this case was 2.71. 

Sand-Filler were for several sand-filler pro- 
portions such 12, 20, 25, 30, and 100% filler. Fig. which the 
voidage curve for these two minerals, the basis for calculating the bitumen 


3 Symposium on Mineral Aggregates: “Fine Aggregate in Bituminous Mixtures,” by 
Hugh Skidmore, Proceedings, Am. Soc. for Testing Materials, 1929, 788 (also 

‘ more, Proceedings, Wisconsin Eng. Soc., 192 also reprinted 1 
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required the mixtures. Because this curve was typical for the materials, 
points intermediate between and 100% filler are omitted, since more 
than 30% filler rarely used practice. 


[ boi 40 70 80 90 
in the Sand-Filler by Weight) 


Fic. MINERAL COMPACTED Dry, REFUSAL. 


Voids (Percentage of Total Volume) 


Bituminous characteristics the twenty-four cements 
the main group mixtures are detailed Table together with such addi- 


CEMENTATION 


1 | California...... 54 1l 400*} 150¢ | 14.5] 0 0.377 | 15 1014} 99.97 
3 | California. ..... 52 7 4007} 150t | 11.0] 0 0.430 | 17t | 1.019} 99.97 
4] Coal tar........ Steam 56 1 4001} 121 0 0.045 | 0.75) 1181] 93.2 
5 | Pennsylvania*...| Cracking coil...... 53 10 380 | 150t 0 0120}; 35/1113 ose 
6 Steam 50 16 225 | 150t | 10.5 | 0.180] 115 | 1.040} 90 
7 | Mexico......... Steam 54 17 248 | 150t 7.25 | 0.160} 9.0} 1031} 99 9f 
8 | Mexico......... Steam 14 215 | 150+ | 1.040] 99.97 
9 | Mid-Continent. .| ................. 55 21 261 | 126 | 0074) 1.014] 
10 | Mid-Continent..| 52 19 221 | 150t | 5.2545 | 0.111] 5.0] 1.005] 9 
48 14 215 | 100 .... | 4.75 | 0.193 5 75) 1.018 | 9 
12 | Mid-Continent..| ................. 60 23 226 | 150t 6 25 | 0 133 6511010) 99 
52 16 225 | 133 | 5 75 | 0.1572] 75) 1.029 | 
14 | Arkansas....... Vacuum and steam] 49 18 234 | 150t | 5.6 | 4.75 | 0.162 | 50/1027) 
Arkansas....... Vacuum and steam; 
16 xidized......... 56 31 123 4 3.5} 0 0070} 351] 1017] 
Steam..... 52 4 235 | 150t | .... | 5.0 | 0.1975) 5.0] 1009] 99f 
52 15 219 | 150 5.75} 5.0 | 0.137 | 5.0] 1.005] 
Bermudes...... South American 
53 17 290} 58 .... | 7.5 | 0.240} 10.0 | 1.061] 97.7 
22 | Blend..........| Steam and cracking} 52 16 204 | 150t | 7.75} 6.0 | 0.127] 1.056] 99f 
Trinidad....... South American 
Trinidad....... 11° Mexican 
Cracked kerosene residuum. tAmerican Petroleum Test described Journal Industrial 


and Engineering Chemistry, Vol. 6, No. 12, p. 976. 


q 


BITUMINOUS PAVING COMPOSITIONS 


tional information source and methods refining, complete form 
such data could obtained from the producers. 

procuring samples representative products, asphalt three ranges 
penetration were requested: 40-50, 50-60, and 60-70. Although these 
penetrations represent the grades commonly used paving construction, 
was considered desirable, after much work had been done, include some 
softer materials, and these were secured some cases. 

Specimens 16, and 24, Table were three special cements prepared 
the laboratory. For Specimen vertical-oven gas-house tar was reduced 
grade steam distillation. The crude tar showed the following 


Water content (percentage weight)........ 
Specific gravity (at 1.098 
Viscosity (in seconds, Saybolt Furol) 40° 
Viscosity (in degrees, Engler, specific) 40° 
Percentage soluble carbon disulphide....... 98.2 
Distillation (percentages weight) to: 
Softening point 106° 


For Specimen 16, regular Mexican flux (gravity, 11°, American 
Petroleum Institute) was blown grade the laboratory blowing-still. This 
material had penetration about 200 before blowing. For Specimen 24, 
refined lake asphalt from the Island Trinidad was fluxed grade with 
the same Mexican flux used manufacturing the oxidized Mexican cement. 
Tests were made for cementing value, with contained mineral present. 

Supplementary comments referring Table should also made regard- 
ing Specimens 15, 19, 21, 22, and 23, follows: Specimen was syn- 
thetic asphalt derived from residual, cracked kerosene; Specimen was run 
penetration 150 200 and then blown grade; Specimen was 
flash-vacuum residual 100 penetration, blown grade; the case Speci- 
mens and 23, tests for cementing value were made with contained mineral 
present; and Specimen 22, identified Table “blend,” was probably 
blend steam-refined Venezuelan, and cracked domestic asphalt. 


PREPARATION 


Sand-filler aggregate was thoroughly mixed dry and heated 350° 
then was mixed thoroughly with hot asphalt cement the same tempera- 
ture. the case the more fluid binders, such coal tar and the cracked 
asphalts, lower temperatures were used for both aggregates and binders, 
depending upon the viscosity the bitumen. Some were heated 325°F, 
some 300° and the tar, 250° this particular the best field 
practice was simulated. 

During the preliminary experiments, mixtures were prepared small, 
laboratory, power mixer, but the practice was abandoned favor careful 
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hand-mixing for the study proper, the fact that too large batch was 
required for the mechanical mixing. was found that, the case 
open pug-mill and hand-mixing, oxidation was identical. Therefore, accuracy 
was manner affected compared with actual practice, since open mixers 
the pug-mill type are still predominantly characteristic asphalt paving 
manufacture despite important advantages inherent sealed rotary mixers. 
Each mixed batch was then weighed into the small batches moulded 
into the set test cylinders. The small batches were stored oven 
mixing temperatures during the few moments required for moulding. 


PREPARATION Test CYLINDERS 


The normal size compressed cylinders for sheet mixtures has commonly 
been in. diameter approximately 1.5 in. depth. For ordinary 
temperatures used testing for stability, this quite satisfactory for the 
capacity the testing machine, but was soon discovered that low tempera- 
tures would produce shearing strengths excess the capacity the 
machine when, using that size cylinder. was also found that results 
cylinders in. and in. diameter agreed for sheet mixtures. Therefore, 
the smaller diameter was used these studies provide for shearing 
strength possibilities excess 3000 per in., required, without 
building new testing machine. 

Cylinders were compressed mixing temperatures seamless steel tube 
moulds, using double plunger, hydraulic press under vertical load 
5000 per in. Pressure was released soon the dial registered 
the required load. The compressed mixture was then cooled before being 
extruded from the moulds the press, means plunger and over-sized 
tube split mould. 

has previously been described elsewhere,* this procedure has become 
standard laboratory practice after several years experimenting and check- 
ing against field compression paving mixtures. has been found, repeat- 
edly, that densities thus obtained the laboratory agree well with those 
obtained the field adequate compacting with 10-ton rollers. The use 
double plunger assures uniform density the. specimen. 


Density determinations (specific gravity) were made upon compressed 
cylinders few hours after their preparation. Customary laboratory routine 
required that the mixtures tested the day following their preparation, but 
there reason why they may not tested soon they have been 
properly cooled and their densities determined. 

The testing machine stands bath sufficiently large provide 
for considerable number cylinders. Small cylinders, in. in. 
diameter, are maintained the bath testing temperature for before 


*“Practical Application the Shear Test Bituminous Mixtures.” 
more, Proceedings, 7th Annual Asphalt Paving Conference; also, Roads and Streets, 
January, 1929. 
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they are tested, whereas larger ones are held for more, depending 
upon their size. not necessary remove them from the bath place 
them the machine. 

For all temperatures above 32° water was used for the bath, adding 
sufficient ice secure temperature 41° Alcohol and dry ice were 
used for 32° and —20° and proved excellent bath medium 
for the low temperatures; accurate temperature control 
maintained. 

When the shearing strength test was developed several years ago, was 
found experiment that, applying the shearing load cylinders in. 
diameter the rate per in. per sec, the most concordant results 
were obtained for wide range mixture composition and temperatures. 
For this reason was adopted the standard rate, and order main- 
tain consistent results for various diameters test cylinders, the rate must 
kept propoftional the diameter, since the load applied circumfer- 
for example, one-half the 2-in. rate was required for cylinders, in. 
diameter, and double the 2-in. rate was necessary for 4-in. cylinders. These 
were the rates load application used the studies reported herein. 

The dynamometer the testing machine equipped with maximum 
load indicator. the present studies, values are the average three test 
cylinders each mixture each temperature. the application the 
stability test normal air temperature and above, maximum variation 
well designed mixtures has been found within the average the 
group individual test cylinders. Poorly designed mixtures usually show 
greater variation, and badly out balance, wide differences between mini- 
mum and maximum results are common. studying mixtures low 
temperatures the same general rule seems apply, except that with highly 
susceptible bitumens, such tars and cracked asphalts, even well designed 
mixtures show erratic results and below. fact, the curve for 
given mixture tends reverse its direction the temperature drops, the 
spread between minimum and maximum becomes much wider the tempera- 
becomes progressively lower beyond the approximate point reversal 

irection. 


Test 


Results obtained the use common mineral composition are plotted 
Fig. 2(a), with Fig. 2(b) enlargement horizontal scales for the lower 
temperatures. The principal value this general curve demonstrate 
graphically the spread from maximum minimum values for the several 
binders (of common consistency range) studied, and reveals nicely the 
characteristic trends the widely divergent types cement, with respect 
source and refining methods. 

The common mixture was composed approximately follows: Bitu- 
men, 10%; filler, and sand, per cent. Pro rata variations were made 
compensate for differences the specific gravity and bitumen content 
the binder, order maintain constant mixture with reference pure 
bitumen, filler, and sand. 
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sidelight upon the accuracy the shear test detecting 
istic differences between bitumens low temperatures, attention called 
the fact that points the curves for two Mexican cements practically the 
same consistency and the same refining process (Specimens and Fig. 


20 


Specimens: 
(See Table 1) 


20 


Temperature in Degrees Fahrenheit 


Specimens: 
(See Table 1) 


40 140 160 180 200 
ame. Strength, in Roots per Square inch 


Fic. Test RESULTS FROM MINIMUM VALUES. 


agreed closely that one curve serves for both, and the third Mexican 
ement, slightly lower penetration (Specimen 6), falls close the other 
two; likewise, the California cements from three different refineries (Speci- 
mens and fall upon single curve. 

Bituminous binders most sensitive great extremes temperature 
strongest moderate temperatures, the order 20° 90° 
being characteristically weaker summer sun heat and severe winter cold, 
zero, below. This most certainly borne out practice. 

Oxidation tends smooth out the curve for given cement and, doing 
this, stability (or strength) reduced all temperatures, especially low 
and moderate temperatures. Past experience has demonstrated repeatedly 
that highly oxidized asphalts are poor paving cements, particularly climates 
the temperate and frigid zones. Such binders have caused severe cracking 
pavements these localities. Likewise, asphalts which were not oxidized 


CF (b) ENLARGED HORIZONTAL SCALE 
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during the process manufacture, but which underwent severe oxidation 
while thin films hot mineral aggregate (in the mixer), have cracked 
badly pavements which have undergone very low temperatures. Further- 
more, the addition certain salts the paving mixture for the purpose 
oxidizing hardening the binder, has caused excessive cracking such 
compositions. Every student bituminous pavements has seen these facts 
demonstrated repeatedly. 

This delayed effect was especially noticeable some five six years after 
the introduction the first so-called high filler mixtures (about 1922). 
that time, the necessity had not been generally recognized for providing 
ample dry-mixing periods before introducing the asphalt and thus reducing 
the temperature the hot sand (which had hotter because increased 
filler content), contact with cold mineral filler, degree not dangerous 
the asphalt. Most pug-mills revolve about rpm. Consequently, 
freshly coated mineral agitated severely and the asphalt (in thin films) 
exposed air rapidly, during period sec, depending upon the 
enlightment the specification writer and enforcer. one inclined 
doubt the effect rapid agitation asphalt under these conditions, let him 
perform the following simple experiment: Weigh out grams asphalt into 
tin and place upon hot-plate, heating to, say, 400° and maintaining 
that temperature for about hr. Then determine its penetration and 
ductility. Repeat the process with fresh sample the same asphalt, but 
this time stir for min; then determine its penetration and ductility. 
the first instance, shows little any alteration from its original character- 
istics, whereas the second case has hardened considerably and its ductility 
been drastically curtailed. 

Many supposedly experienced technologists still fail take cognizance 
these extremely important facts; poorly informed ill-advised engineers 
continue write specifications requiring the introduction the bituminous 
binder without adequate (if any) dry-mixing aggregates with long wet 
mixing periods min, more; and few plant operators and their employers 
recognize this important and inescapable result exposing thin films 
bitumen temperatures excess 300° 400° (depending upon the 
cement) the presence free air. any engineer feels that must 
require long mixing time perfectly safe, let him apply such precaution 
the dry-mixing aggregates and, really safe, require only sec 
wet mixing any type mixer, such pug-mill, which free air has 
access. 

Even hasty inspection Fig. will disclose the unusual performance 
fluxed Trinidad (with South American flux) cement through the low tempera- 
ture range. This disclosure quite naturally indicated further study the 
investigators. Steam-reduced Mexican cement (Specimens and Fig. 
seemed come nearest duplicating the performance fluxed Trinidad 
cement, taking into consideration the shape curve and values throughout 
the temperature range. Fig. 3(a) introduced demonstrate the effect 
increasing the filler content the case Mexican cement, well the 
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effect retaining the same filler content but using slightly softer cement. 
The composition the mixture shown Table 

The filler was increased under the assumption that the self-contained 
mineral the Trinidad cement might possess some special value mineral 
filler, and softer asphalt was tried because the Trinidad product does not 
oxidize readily the Mexican cement. The slightly softer Mexican 
cement (Curve Fig. 3(a)) produced excellent and very smooth curve 


Shear in Square Inch 
1200 1400 1600 


400 


200 400 1200 1400 1600 
Sheer Su in per Square Inch 


Fic. DESIGN VALUES, MEXICAN AND TRINIDAD 


Temperature in Degrees Fahrenheit 
a 


Material 


54-Penetration, Trinidad asphalt cement; South American flux 
51-penetration, Mexican asphalt cement; 9.6 
64-penetration, Mexican asphalt cement; Panuco owes 
Filler; ‘Trinidad mineral one 


only slightly above the Trinidad curve (Curve throughout the temperature 
range; whereas the higher filler with the same consistency cement (Curve 
Fig. 3(a)), practically duplicated the results the Trinidad product. This 
simply illustration intelligent design composition the light 
the materials used. 

From these studies seems clear that the mineral Trinidad asphalt 
efficient filler, but that this value can duplicated readily proper 
design when using another cement. Additional indication the filler value 
Trinidad mineral apparent from the examination Fig. 3(b), which 
South American flux was used both cements plotted. The relatively pure 
bitumen the Trinidad refined asphalt was recovered excellent method 
Mr. Gene Abson. This asphalt, its almost mineral- 
free condition, was fluxed the consistency shown the addition South 
American (Trinidad) flux; showed 1.041 specific gravity 77° and was 
95.72% soluble carbon disulphide. 


*“Methods and Apparatus for the Recovery Asphalt,” Gene Abson, Proceedings, 
Am. Soc. for Testing Materials, 1933, Pt. II, 704. 
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This investigation gives proof that the presence the mineral the 
Trinidad cement value the pavement the extent indicated herein. 
important agitate the fluxed Trinidad cement adequately the melt- 
ing kettles, the tank car, drawn for use the mixture. 
necessary (as has often been the case) remove several inches sludge 
from the kettle more less regular intervals, the filler value the product 
has been largely dissipated. 

recent years, practical experience has shown, without question, the 
desirability using softer bitumen hot-mix compositions. Stability against 
displacement summer temperatures can secured easily suitable 
mineral content, that the very slight increased stability afforded ten points 
lower penetration becomes insignificant, especially view the danger 
attending the use harder asphalts when they are likely subjected 
more less severe oxidation the pug-mill mixer commonly used. This 
study shows conclusively that climates where comparatively low winter 
temperatures prevail, bitumens relatively soft consistency should used. 
Asphalts penetration have been used successfully hot-mix pave- 
ments the North Central States withstand trunk-line traffic during the 
summer and the sub-zero temperatures severe winters. (For many years 
90-penetration asphalt has been used hot-mix pavements Calgary, 
Alberta, Canada, with remarkable freedom from cracking.) When they are 
well designed, such pavements have been practically free from contraction 
and have not been displaced during hot weather. 

Further proof the effectiveness soft asphalts low temperatures 
shown Fig. the mixture composition being: Asphalt cement, 9.9% 


Strength, in per Square 
0 200 600 1000 


(a) Steam-Reduced Panuco; TT oe 


efiner 


600 800 
Shear Strength, in Pounds per Square Inch 
Fic, ASPHALTS LOW TEMPERATURES. 


(9.8% for 91-penetration and limestone dust, 18.0%; and, 
sand, per cent. The only variable was the consistency the asphalt, which 
was the product one refiner Fig. (a) and another Fig. 4(b), using 
the same crude (Mexican) and the same refining process supposedly for all 
grades. The reversal the curve for the 44-penetration cement (supplied 
the refiner) rather conclusive indication that the case this harder 
grade the refiner varied the manufacture, either altered processing the 
residuum blending with another material. The striking result 
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the 175-penetration material undoubtedly will surprise many who have 
always thought terms asphalts with penetration; but when one 
takes into consideration the more less satisfactory performance some 
cold-lay mixtures and some rock asphalts, seems more logical. There 
doubt that, with proper design mixture, 100-penetration cement may 
used successfully sheet asphalt mixtures almost any climate, and 
although there need for such soft material tropical semi-tropical 
regions, would highly desirable all sections subject temperatures 
below. The use soft bitumens such sections would probably 
found the most important forward step recent years. 


Errect Mixture Composition 


This study has disclosed two important facts not heretofore thoroughly 
appreciated: First, that there optimum proportioning ingredients 
that will produce the greatest strength mixture throughout the entire 
temperature range from sub-zero summer sun temperature; and, second, 
that for best resistance low temperatures, mixtures should contain slightly 
more bitumen than will just fill mineral voids, determined compacted, 
dry aggregate. the present time, technologists have been the opinion 
that mixtures should carry slightly less bitumen than will fill the voids, 
determined the dry mineral. 

Fig. 5(a) will seen the results obtained -in four designs mixture 
using the same materials all, and ranging from low filler content high, 
with bitumen filling the voids dry aggregate. The mixture composition 
materials Fig. listed Table seems quite certain that too much 
filler can used with given sand coarse aggregate and definite guide 
this respect indicated Fig. 5(a). will seen that Mixture 
inferior Mixture throughout the temperature range, that low tempera- 
ture results, this case, are not necessary for intelligent selection. Higher 
bitumen, greater compaction mixture, might tend prevent Curve 
from reversing itself, and might also increase its strength all temperatures. 
There positive danger bitumen films being too thin. Only much com- 
paction available with practicable construction equipment and safe working 
temperatures, and although increased filler may continue lower voids 
the mineral, certain point reached. which the mixture becomes less 
compressible, and, consequently, instead increasing the strength and density 
the finished pavement, additional filler actually decreases these important 
properties. 

Increasing the bitumen beyond that required fill voids the dry 
mineral certainly beneficial low temperatures, whereas decreasing has 
the opposite effect. Fig. 5(b), Mixture Fig. 5(a) was made with 
both plus and minus bitumen content (equivalent 10% the normal 
bitumen content) with the results shown. Decreased bitumen tended 
decrease the stability very slightly high temperatures and drastically 
reduced the strength temperatures from +20° —20° This 
tendency reliable proof the danger using mixtures with less bitumen 
than will fill the voids; and offers excellent explanation cold-weather 
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dry mixtures. Reasonable excess bitumen, the other hand, 
only slightly reduced the stability maximum pavement temperature and 
substantially increased the strength low temperatures. Obviously, warm 
climates, this particular phenomenon has significance. 


Shear in Square Inch 
200 400 600 1200 1400 1800 


(a) ta) Varying the Filer Content the Filler Content 


(b) Varying Filler Content 


Shear Strength, in Pounds per Square Inch 


Fic. 5.—DESIGN OF ASPHALT MIXTURES. 


-20 


Temperature in Degrees Fahrennent 


Mrx; Fie. 5 (6). 


Description 
Mixture Mixture Mixture Lean Normal Rich 
(2) (3) (4) (5) (6) 
Mexican asphalt cement 12.0 9.9 9.6 8.4 8.9 
Limestone dust............. 10.6 18.0 22.6 27.5 18.2 
77.4 72.1 67.8 64.1 72.9 
100.0 100.0 100.0 100.0 100.0 


* 51-penetration. t+ Normal bitumen fills the voids in the mineral. 


Fig. eight distinctly different asphalt cements the same grade, 
determined the penetration test 77° are compared penetration 
120 


110 Specimens: 


(See Table 1) 


IDENTIFICATION (See Table 1) 


Steam-Reduced California 

4 Low-Carbon Coal Tar 

60 y Pennsylvania 
Steam-Reduced Mexican 
Mid-Continent 

50 Arkansas Asphalt 

Mexican Asphalt - Oxidized 

Trinidad Asphalt; South American Flux 


Temperature in Degrees Fahrenheit 


0 40 80 120 160 200 240 280 320 360 400 
Penetration in Tenths of Millimeters 


Fic. 6.—CONSISTENCY-TEMPERATURE RELATION, 
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the other two standard temperatures, order show the wide differences 
susceptibility measured this test. Such test, usually interpreted, 
very misleading. The ratio penetrations the several temperatures, 
when specified with maximum limit only (as usually the case) 
guaranty performance the pavement. stipulating requirements for 
high-grade paving cement, penetration susceptibility should omitted 
favor minimum low-temperature ductility requirement (in the absence 
better test this time) all regions where low temperature perform- 
ance critical. Specifications containing maximum penetration ratios may 
invite over-oxidation what may reasonably good asphalt, measure 
safety the part the refiner. Rigid requirements low temperature 
ductility have the opposite effect, since nearly all cases oxidation will 
decrease ductility the lower temperatures. Fig. shows the relative char- 


a 


~ 


Ductility at 41° Fahrenheit at 5 Centimeters per Minute 
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2 
35 40 45 50 Ss * @ 65 70 75 
Penetration at 77° Fahrenheit 


Fic. 7.—RELATION BETWEEN LOW-TEMPERATURE DUCTILITY AND PENETRATION. 


acteristics typical cements common the market the Central, West- 
Central, North and South-Central, and Southwestern States, with respect 
ductility These studies are convincing the light the fact that, 
general, cements relatively high ductility (normal speed) low tempera- 
tures likewise impart superior strength mixtures the lower temperatures. 
climates where low temperature performance important, such require- 
ment should specified until better test upon the asphalt available. 
Ductility specified requirement, when the test conducted 77° 
above, means nothing for least two important reasons: (1) This not 
critical temperature any bituminous pavement; and (2) all binders possess 
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ample ductility such temperatures. Although this test may have some 
pavement specification. 

effort translate shear strengths bituminous pavement mixtures 
into comparative values familiar engineers general,’ standard Portland 
cement mortar cylinders were subjected the same test over the same range 
temperatures. offering these data, recognized that standard mortar 
not concrete the composition used pavements, but such mortar 
generally used indicator concrete strength, and its values are well 
known from the vast amount published data available. the other hand, 
almost data are available with respect bituminous concrete mixtures, 
and, therefore, the average engineer has limited understanding the 
strength such compositions, especially low temperatures. Consequently, 
comparison, limited this one is, seems sufficiently valuable from the 
standpoint engineering knowledge general, included this record 
means evaluating previously unknown values terms well known 
ones. 

Even brief analysis Fig. will convince any engineer that bituminous 
and Portland cement concrete structures are not directly comparable. Portland 


| | LA 54 Penetration, Trinidad 
Asphalt Cement 


Compressive Strength, 3 756 Ib per sq in. 
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1 3 Plain Concrete Mortar at 28 Days 


Temperature in Degrees Fahrenheit 


1200 1500 1800 2100 2400 2700 
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cement concrete has non-ductile binder cementing medium contrast 
with ductile binder bituminous mixture, otherwise quite similar 
composition. Plastic flow much more pronounced bituminous composi- 
tions than Portland cement concrete mixtures. Furthermore, the strength 
bituminous mixture much more function temperature than the 
case Portland cement concrete, except temperatures below freezing. 
Plastic flow definitely related ductility. Contraction forces bitu- 
minous concrete mixtures are obviously absorbed the ductility the 
binder addition being resisted the tensile strength the structure, 
whereas Portland cement concrete these forces are resisted tensile 
strength. Patently, the modulus elasticity will much higher the case 
Portland cement concrete than that bituminous concrete. 


ortar cylinders using standard Ottawa sand, with strengths 
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The studies described herein have revealed some facts that were previously 
unknown and have confirmed others that were suspected result experi- 
ence and observation, follows: 


(1) The inherent characteristics and quantity the bitumen the mix- 
ture are much more important low temperatures than normal and 
higher temperatures the pavement; 

(2) There optimum proportioning the several ingredients the 
paving mixture that will insure the best performance over the entire range 
temperatures; 

(3) regions where low temperatures obtain, the adoption consider- 
ably softer bitumens than have been used commonly, will constitute one the 
most important advances the direction better pavements; 

(4) Ample bitumen content essential; relatively rich mixtures are much 
safer than lean ones (bitumen slightly excess the void content the 
mineral aggregate improves low temperature performance without impairing 
stability high temperatures) 

(5) Mineral filler excess the optimum for given binder and coarse 
aggregate should not used; and, 

(6) The ductility the binder the lower temperatures appears 
important characteristic. The test for ductility probably should made 
low may used. 


(7) least far resistance shear concerned, Portland cement 
concrete and bituminous concrete are not similar structures due the fact 
that their cementing mediums are decidedly different character. 
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DISCUSSION 


may justified stating (see “Synopsis”) that “little, any, study 
has been made concerning low-temperature performance paving composi- 
tions” and (see “Introduction”) that “scientific data have not been available 
with reference the characteristics bituminous paving compositions over 
wide range temperatures, particularly low temperatures,” nevertheless, 
early 1887, was the practice use softer asphalt cement such 
cities Buffalo, Y., and Omaha, Nebr., where asphalt pavements laid few 
years earlier had cracked badly. 1887 the Company with which the writer 
was connected used softer asphalt cement without any change the mineral 
aggregate percentage bitumen meet this situation. When the writer 
became Superintendent the Company Omaha, 1889, continued the 
practice, with the result that although the asphalt pavements laid few 
years previously showed the worst cracking that ever beheld before 
since, all the pavements laid with the softer asphalt cement came through 
the winters without cracking. was also the practice use still softer 
asphalt cement streets light traffic. 

those days attention was paid the mineral aggregate, and little 
the percentage bitumen. all cities practically the same number 
pounds sand, stone dust, and asphalt cement were used the batch, 
regardless the grading the sand. most cities, suitable 
sand was hand, although few cities, St. Louis, Mo., particularly, 
the sand then used was deficient fine material (as was discovered later), and 
the pavements lacked the durability which pertained most the asphalt 
pavements those days. 

Until 1888 there was method recording the consistency given 
asphalt cement. Previous that time the consistency was determined 
chewing the cement, and the foremen the asphalt plants became expert 
that they could determine this way the penetration given asphalt cement 
within four five points. 

Mr. Clifford Richardson, the author the first authoritative publication 
concerning all phases asphalt pavement, was well aware the impor- 
tance meeting low temperatures with softer asphalt cement. discuss- 
ing certain pavements laid 1897 


“Experience has shown, however, that these surfaces, although the aver- 
age percentage bitumen reached 10.5, was most cases too hard, averag- 
ing 58, which has resulted some cracking. subsequent years, therefore, 
has been the practice use softer asphalt cement. The results have been 
very satisfactory.” 


“Cracks the second description, due the use asphalt cement which 
too hard which has become hardened being mixed with too hot sand, 
*Cons. Engr., New York, N. Y. 


Modern Asphalt Pavement”, Second Edition, 321. 
Loc. cit., pp. 480-483. 
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this cause combined with others, are the form which most commonly 
met with Such cracks are due the fact that the hard asphalt 
too brittle low temperatures yield the contraction the surface, 
fractures under the tensile stress imposed upon it. Cracks which 
are due the fact that the mixture deficient bitumen, consequence 
which the surface does not possess sufficient tensile strength, regardless 
ductility, low winter temperatures, are not frequent those due 
hard bitumen, since such mixture, disintegration with the formation 
holes takes place, rule, before cracking.” 


Notwithstanding this early general knowledge, arrived through costly 
experience (in those days, asphalt pavements were guaranteed from 
yr), the data furnished the exhaustive study made Mr. Skidmore 
would seem establish scientific basis for designing asphalt pavements 
meet the low winter temperatures. 

Incidentally, curious note that there has been practically change 
the method laying asphalt pavements city streets the past fifty 
years and more. the Eighties the same types tampers, smoothers, fire- 
wagons, and rollers were used are used to-day. This contrast the 
laying the concrete base, which was then mixed entirely hand. 


that Mr. Skidmore has presented the results this particular investigation. 
Undoubtedly, has treated phase the subject which very important, 
and one, perhaps, which has been neglected too long. 

Notwithstanding the fact that technologists have always admitted that 
asphalt mixtures have appreciable strength flexure, the tendency many 
engineers practice has been build much beam strength the mixes 
possible, with the result that flexibility, self-healing, and shock-resisting 
properties were sacrificed. This tendency indicated specifications which 
provide for extremely high filler content, low bitumen content, and harder 
asphalt. Part this tendency toward so-called highly stable mixtures has 
been due misconception what construction methods are feasible 
for field use. Mixtures that are compressible under laboratory conditions may 
entirely unworkable the road the street. When such conditions 
are encountered the novice resorts hotter mixtures and still less bitumen, 
all which tends toward making bad mixture worse. 

The effect the mixing temperature the bituminous cement con- 
siderable importance, especially since many the mixtures classified 
highly stable are also low aggregate voids and, turn, low total 
bitumen-carrying capacity. Reference analyses samples from existing 
pavements show conclusively that plant heat and agitation during mixing may 
lower the penetration the asphalt well the percentage bitumen 
much destroy the self-healing properties entirely. early 1919, 
Roy Green, Am. Soe. reported numerous examples pavements 
which the aggregate was bonded with asphalt from penetration 
and yet was known that the material used was not hard the analyses 


Highway Eng., Agri. and Mech. Coll. Texas, College Station, Tex. 


Bituminous Pavement Investigations, Pt. and Pt. II, Texas Eng. Experiment 
Station, 1919 and 1921. 


‘ 


the 
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indicated. These extremely low penetrations could not chargeable entirely 
natural loss the more volatile fractions weathering. 

The writer has always been unable find much good the theory requir- 
ing the use harder asphalts for increasing stability measured shearing 
tests. Shearing displacements are most likely occur during periods 
high temperature; and yet when the air temperature 100° the pavement 
temperature will often hot that any usable steam-refined 
asphalt cement will liquid, very soft, condition. Obviously, the 
cementitiousness two similar residues having different degrees 
fluidity cannot measured large quantity. most asphalt binders 
are reality liquids near liquids summer pavement temperatures, then 
perhaps the real question answered is: What mixture design will serve 
both the summer conditions well the winter extremes? The author’s 
investigations are interesting that the results give some information 
that question and cast suspicion the theory sometimes advanced that 
harder asphalt cements produce better pavements. 

assumed that asphalt surface adequate foundation, low 
temperature failures the surface are likely occur result mixtures 
that are too lean asphalt cement, result brittleness the binder, 
raveling the surface. Winter raveling may due the brittleness 
the binder may caused freezing impregnating water the 
open mixtures. pavement probably more easily measured 
rapidly applied loads than slowly applied increments, and such thought 
gives rise the question: Why should not all stability tests asphalt mix- 
tures made either with rapidly increasing loads with loads applied 
suddenly? Regardless what stability test used bituminous paving 
mixture, the strength increases the percentage bituminous binder 
increases from decided deficiency some percentage that provides maxi- 
mum strength. After the maximum strength reached, the bituminous 
cement further increased, the strength the mixture decreases and con- 
tinues decrease upon the addition bitumen until the samples are made 
preponderance bituminous cement and little aggregate. The 
encountered correlating the results the different types tests 
lies the fact that the maximum strength does not occur for the same 
percentage bitumen; for example, one testing procedure may indicate 
maximum strength about bitumen, whereas another type test will 
probably show maximum strength for high per cent. 

For number years the writer has been using modified shear test 
made forcing frustum cone out cylindrical specimen pave- 
ment under gradually applied load, and has been able verify conclusions 
other investigators who used somewhat different tests study the effects 
different variables the strength mixtures. has never been completely 
satisfied with the test performed, however, because the conviction that 
the manner applying the load does not simulate the load application made 
traffic; nor has been able propose such loading device that 
entirely satisfactory. Even the most rigid stable asphalt pavements, 
measured the shearing strength tests, are reality plastic mixtures that 
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undergo movement the street; and such movement does, appreciable 
extent, cause internal re-arrangement particles. Plasticity, then, 
property bituminous mixture that must admitted and the most made 
bituminous mixture may plastic enough flow gradually when subjected 
load any kind for long time and yet the same mixture were loaded 
suddenly either shear, compression, tension, flexure, the prop- 
erties would not prevent failure. 

stated the author, the ductility the bituminous cement low 
temperatures great importance. For that matter, any test for consistency 
low temperatures value because plasticity the desirable quality 
rather than brittleness the lower ranges temperature. appears that 
the mixture which may judged the strongest shear may 

1929, the writer undertook the direction some research work 
bituminous paving mixtures the hope developing certain modifications 
test procedure that would detect properties brittleness. Specimens were 
tested first determining the intensity load, applied gradually, that would 
and in. thick. From this test strength curve could plotted show 
the effect varying the bitumen. Later, another series samples like the first 
was tested knocking out the frustum cone the same size means 
hammer falling from constant height. this latter case the num- 
ber blows cause failure was plotted the ordinate against the percentage 
bitumen the abscissa. was expected, the general shape the 
strength bitumen curve was the same for the two tests, but the percentage 
bitumen required for maximum strength was more for the impact test 
than for the shear test. other words, the samples that were strongest 
under shear were not the strongest under impact. course, one has 
proposed that the mixture which strongest shear should necessarily 
the one chosen for the street; however, has been debatable question 
what variation from maximum results should specified for the paving job. 
The writer convinced that the foundation road must able with- 
stand the traffic load before any surface will capable fulfilling its mission. 
such foundation adequate, the function the surface prevent 
wear, absorb impact, distribute load, and, other ways, preserve the 
the load-carrying medium, regardless weather. fulfill that function the 
surface must plastic enough either flexible self-healing, stable 
enough prevent waving, and designed that may controlled 
uniformity all the construction operations. 

Since ground movement also prevalent winter months there appears 
every evidence indicate that flexibility must quality 
bituminous surfaces during winter extremes temperature. appears also 
that the mixture design, well the choice all materials, must predi- 
cated upon proper evaluation all demands made upon surface, 
and not the extremes summer temperatures alone. 
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Roy Green,” Am. Soc. (by and asphalt 
technologists are indebted the author for this contribution toward placing 
the design and performance asphaltic mixtures upon more sound and 
rational basis. particularly commended for his demonstration 
the following facts: (1) desirable design asphaltic mixture for cold 
climates one which the asphalt cement slightly over-fills the voids the 
mineral; (2) attempting obtain high stability mixture there grave 
danger using filler content which too high; and (3) asphalt cements 
higher penetration are desirable the colder climates. 

reading this paper and study the curves Fig. leaves the 
impression that the California cements (Specimens and are unde- 
sirable cooler climates. This not stated conclusion the author, 
however. the Cities Omaha and Lincoln, Nebr., there are number 
sheet asphalt pavements which have been service since 1905 and before. 
These pavements were laid with California cements, and have withstood the 
winter weather this section the country without the least distress and 
are excellent condition to-day. However, the mixtures are rich and con- 
tain asphalt cement excess that necessary fill the voids the mineral. 

would have been very enlightening had the author made further mix- 
tures with these cements, carrying the asphalt cement 10% above normal, 
did the mixtures given Fig. Would this added asphalt cement 
produce mixture such that the curve would not reverse itself the lower 
temperatures? possible, certain extent, improve upon the per- 
formance given asphalt cement altering the composition the mix- 
turé from the standard conditions set the author’s experiments? 


Am. Soc. (by the years since the 
writer first proposed scientific research the field bituminous paving 
these analyses have been greatly developed and improved 
many respects. Mr. Skidmore complimented having pursued 
line great importance, but one that has been too much neglected the past. 

the beginning the introduction bituminous highways was known 
that higher percentage “free carbon” was desirable tars for roofing 
purposes sidewalks New Orleans, La., than would the case Bangor, 
Me., because the lower temperatures the latter place and their “brittling” 
cracking effects. Furthermore, the higher temperatures New Orleans 
seemed render higher percentage inert material desirable order 
prevent “running” those temperatures. 

Similarly, when asphaltic oils were offered for road use, too much “middle 
oil” was recognized undesirable because the instability these materials 
—which lack “free carbon”—under high temperatures. the latter phase 
was much wider observance for long time, the researches have been mainly 
along the lines perfecting bituminous materials for the warmer climates. 


and Mgr., Western Laboratories, Inc., Lincoln, Nebr. 
Engr., Coronado, Calif. 
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Now that the roads the colder climates are being regularly cleared snow, 
and their surfaces exposed traffic, the importance researches along the 
lines suggested Mr. Skidmore should appreciated. 

The writer has previously his opinion the value ductility 
77° agrees the main with the summary this paper, although 
feels that some the “facts” stated therein may expressed somewhat 
loosely and thereby possibly may permit dangerous interpretations; for 
instance, under Items (1) and (4) material might used that, from 
characteristics quantities, would result “shoving” under 
traffic, the hot suns many localities. 


Zapata,” (by author states that although the 
data reported his paper pertain sheet asphalt mixtures the hot-mix 
type, sufficient work has been done with other compositions demonstrate 
that typical characteristics disclosed his studies are common bituminous 
paving compositions general. This conclusion does not agree with the 
results obtained the writer his experience and laboratory work. 

the first place, Mr. Skidmore gives data the stability characteris- 
tics the aggregate mixture (sand-filler aggregate). Doubtless, this due 
the type test that was used evaluate the mixes discussed. During the 
last few years the writer has been working the development stability 
test wider range application than either the tests mentioned Mr. 
Under the conditions governing the test was found that the 
addition bitumen definitely lowers the resistance displacement shown 
the bare aggregate. 

One the conclusions reached Mr. Skidmore that the 
characteristics and quantity bitumen are much more important low 
temperatures than normal and higher temperatures the pavement. The 
only characteristics given for the bitumens are penetration, ductility, cemen- 
tation value, specific gravity, and the percentage soluble carbon disulphide. 
The penetration has been limited range 60; the available data 
are not sufficient provide clear understanding the meaning cemen- 
tation values, (the test does not appear standard reference texts); and 
the specific gravity and solubility values are not sufficient themselves 
establish inherent characteristics; therefore, the only characteristic available 
for making comparisons the ductility. the basis the data shown 
Table the ductility seems depend upon the origin the petroleum. 
view the shear strengths shown Fig. possible, then, assume 
that the choice asphalts should made the basis source? 

Furthermore, Mr. Skidmore states that the ductility the binders the 
lower temperatures appears important characteristic. His data 
not confirm his statement inasmuch the binder giving the highest shear 
strength one that has ductility 41° sec; also, comparing 
the various binders noted that some show difference about 61% 


Proceedings, Am. Soc. for Testing Materials, Vol. (1911), 685. 
Materials Engr., State Highway Comm. Wisconsin, Madison, Wis. 
Journal Industrial and Engineering Chemistry, Vol. No. 12, 976. 
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ductility cm, sec), with difference only 16% shear 
strength. making these comparisons, only data for temperatures 41° 
em, sec were considered for the following reasons: (1) temperature 
41°F practically that the mean annual temperature for Wisconsin; 
(2) other ductility data available the writer were obtained temperature 
39.2° em, sec; (3) data are given for ductilities temperatures 
lower than 41° with speed per min (although ductilities 32° 
are given, the test were changed, and thus entirely new type 
data are presented. What happens the ductility, regardless the 
method test, when the temperature drops below 32° F?); and (4) con- 
sidering low temperatures, weather records were kept mind; for example, 
Wisconsin one finds the following temperature conditions: During approxi- 
mately 5.5% the year the temperature below; for about 39% 
the year below; and during the remainder the year 
above 32° 

proof has been furnished that the most destructive changes pave- 
ments occur when the temperature below between and 32° 
investigation conducted the writer determine the behavior 
asphalts used joint fillers, was found that more damage was shown 
the material during periods alternate freezing and thawing than during 
periods nearly zero weather. 

Mr. Skidmore concludes that the ductility the binder the lower 
temperatures appears important characteristic, and recommends 
that the test for ductility made standard rate per min and 
temperature 5°C. Making the safe assumption that binder 
meant tar well asphalt, Mr. Skidmore’s data not confirm 
three binders showing high shear strengths have ductility 
those temperatures. 


Two 


Rational 
proportion 


Rational 
percentage 


Percentage 


Specific 
weight 


Material gravity 


Aggregate 33.80 
Total 43.75 100.00 


Aggregate 33. 79.01 
Total 42.78 100.00 


Computed from the specific gravity the sand and the specific gravity the mineral filler. 


The design the mixes was made the basis the voids theory; Mr. 
Skidmore does not indicate clearly, however, what steps were taken balance 
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differences specific gravities. illustrate the point, Table offers com- 
parison. The question raised view the statement that the common 
mixture was composed approximately 10% bitumen, 18% filler, and 
sand. 

Mr. Skidmore fails give data the most important factor that should 
considered designing bituminous mixes, namely, 
asphalt cements. Without these data not possible arrive 
plete understanding, even anticipate reasonable degree the 
behavior mixes containing asphalts various characteristics, 


Mr. Skidmore his analysis bituminous mixtures used for paving 
materials also great importance the use bitumens for water-proofing 
purposes where exposed weather. 

Unfortunately, fact that although bitumens have been refined 
develop qualities that will prevent “running” high temperatures, the 
attempts prevention brittleness low temperatures (at and below 
freezing) have been far from successful. 

tion where will subjected temperatures below freezing, the material 
should have some ductility those temperatures meet the contraction 
which occurring and the expansion that follow with future rise 
temperature. has been claimed that ductility tests bitumens 40° 
are not reliable, slight jars tend crack the bitumen that temperature 
before the test completed. The claim itself indicates the necessity 
tility that measurable. the same time, indicates the requirement 
improved technique making the test. Another claim frequently made 
that ductility test 77° together with melting point and penetra- 
tion the bitumen, will indicate the ductility 40° without the test 
that temperature. 

1921 and 1922 the writer required tests quite number bitumens 
the laboratory the Delaware, Lackawanna and Western Railroad Com- 
pany, Scranton, Pa., for the purpose obtaining results basis for 
writing specification for water-proofing for the improvements that road 
East Orange, (at that time there was water-proofing specification 
for railroad structures existence). Some the bitumens then tested and 
others submitted later the laboratory showed melting points, penetrations, 
and ductility 77° within the range those found acceptable, but had 
ductility 40° F—a confutation the claim that the other qualities 
the bitumen will sufficient indicate ductility the material 
40° The writer feels strongly the necessity knowing the quality 
ductility low temperatures, material that known will subjected 
such temperatures structures which are subject movement due such 
changes temperature. 


— 
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ing Professor McNew connection with -the fallacy using hard 
asphalt pavements, very sound. coincides perfectly with the ideas 
the writer and his associates. 

The displacement paving mixtures under traffic during hot weather 
the direct result shearing action the structure, induced applied force 
which mainly compressive nature. This compressive force applied 
means the wheels vehicles passing over the pavement. 
traffic ruts the pavement longitudinally the direction travel displacing 
the composition laterally; the tendency, any, toward forward displacement 
converted apparently into lateral displacement due the speed the moving 
coming stop the pavement tend displace the com- 
position forward direction, creating humps across the line travel. 
Very heavy, slow-moving traffic causes both types failure. 

far hot-mix, filled, dense, graded types are concerned, the prob- 
lem designing mixtures which will resist displacement successfully, has 
been readily solved, following the development stability tests which shear 
involved. the case oil aggregate and some the cold-lay mixtures, 
shear tests cannot used temperatures consistent with service conditions 
because these compositions possess little resistance direct shear, except 
very low temperatures; and yet many the very soft and types 
mixtures have shown ‘satisfactory stability against displacement under 
traffic. This has led the development new type test reported 
Thomas Stanton, Jr., Am. Soc. and Mr. Hveem.” 

Research soil science throwing much light upon the matter the 
stability cohesive masses subject plastic flow, well upon the me- 
chanics stability masses non-cohesive, granular materials. Bitu- 
minous paving mixtures obviously are cohesive and subject plastic flow. 
The stabilometer developed Messrs. Stanton and Hveem appears show 
much promise the determination the stability all classes bituminous 
paving mixtures well soils. 

The low-temperature performance bituminous paving mixtures, however, 
does not involve stability the compositions. has been shown clearly that 
the characteristics bituminous cement are highly important with respect 
low-temperature performance the mixture. that remain ductile 
low temperatures unquestionably resist cracking. this connection, Mr. 
Green points out that California asphalts have generally given good service 
cold weather. The writer entirely familiar with this fact. Although 
when elongated speed per min, they show excellent 
ductility when rate per min used; also, they show excellent elonga- 
tion the cementing value test, which case the per min, 
whereas the tar and the highly cracked synthetic asphalt show ductility 
these low temperatures either slow speed fast speed. 


Chicago Paving Laboratory, Chicago, 


Proceedings, 14th Annual Meeting, Highway Research Board, Washington, C., 
December and 1934. 
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Mr. Zapata raises the point the stability the bitumen-free aggregate, 
although does not describe the nature the test which uses for this 
purpose. Mr. Zapata’s test measures the horizontal shear confined speci- 
men either coated uncoated mineral finds that the 
uncoated mineral always shows higher value than the coated aggregate. 
Obviously, such test does not measure stability stability functions the 
pavement the sub-grade; neither does measure direct shear, because 
the specimen confined laterally. Possibly, measure the mechanical 
interlocking mineral grains, although does not simulate service condi- 
tions. According the Zapata test, uncoated, dry sand more stable than 
sand-bitumen sand-water mixture, and yet well known that dry sand 
will not support vehicular traffic, whereas wet sand will, will also sand- 
asphalt mixtures. 

With reference Mr. Zapata’s criticism the lack sufficient data con- 
cerning the characteristics the bituminous cements, suffice state that 
the cements used the studies were subjected several tests not included 
the general run specifications for paving binder. doubt others also 
could have been included after-thought. Most certainly the ductility 
test one for quality and not for identification source, Mr. Zapata 
infers. The cementing-value test well known technologists and 
described detail the reference 

Reference Fig. will show that binders 175 penetration were 
studied. Surely this pretty well covers the range cements suitable for hot- 
mix construction. Also, contrary, Mr. Zapata’s statement, the cement show- 
ing the highest shear strength the low temperatures has good ductility 
41° even with its high mineral content present. Trinidad 
cement unusually ductile low temperatures unless inferior flux used. 

There can little question but that alternate freezing and thawing 
destructive any structure sufficiently porous admit appreciable quantities 
moisture. avoid this difficulty, well increase stability, that 
highway engineers generally are recommending closer grading 
filling the aggregates used low-cost road mixtures. Thermal contraction 
cracking unquestionably will more severe 20° than 32° 41° 
Bituminous pavements must not confused with Portland cement concrete 
this respect, since concrete slabs are generally high moisture when cold 
weather comes, and are probably most susceptible near 32° The 
moisture content well designed and well built hot-mix asphalt paving 
mixture very low, being usually less than 0.5% after total immersion 
days. Bituminous surfaces concrete bases are compelled follow 
the movement the base irrespective their own ability resist contraction 
forces. 

The writer fails appreciate Mr. Zapata’s analogy the effect that 
since the tar mixture showed the highest shear strength 41° the tar 
binder should have shown the highest ductility that temperature. There 
nothing the data indicate remotely that such conclusion could 
drawn. The fact remains demonstrated these studies that those bitumens 
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which showed the best ductilities 41° also produced the best shear 
strengths throughout the low temperature range, except the Bermudez cement, 
which reversed its curve the sub-zero range. 

The exact composition the two mixtures which Mr. Zapata selected was: 


Bitumen (pure), weight....... 10.6% 9.7% 


every case adjustment was made accommodate differences specific 
gravity and purity cement. Actual proportioning was volume although 
the formula based weight. 

not clear what Mr. Zapata means “the durability the asphalt 
cements.” was the writer’s purpose presenting the results the study 
try and throw additional light upon the matter durability bituminous 
pavements especially with respect low temperatures. 

quite possible that the ductility test will supplanted better 
tool. Considerable can said for the cementing value test. Neither these 
tests seems give all the information desired, but must remembered that 
several tests are required establish the quality bituminous material 
and that some the tests now being made are worse than useless since they 
may give fictitious information. particularly culpable test which falls 
the latter category the reduction test 500° made upon liquid binders 
provide so-called asphaltic residue 100 penetration 77° 


AMERICAN SOCIETY CIVIL ENGINEERS 
Founded November 1852 


TRANSACTIONS 


Paper No. 1947 


FAILURE THEORIES MATERIALS SUBJECTED 
COMBINED STRESSES 
JOSEPH JUN. AM. Soc. 


JOSEPH Marin. 


Synopsis 
Several theories have been devised and tests made determine the laws 
failure materials subjected The main purpose this 
paper extend the correlation such theories and test results, representing 


them common set co-ordinate axes. Without such correlation, some 
test results combined stresses have been interpreted incorrectly. addi- 
tion, some new theories are given. The graphical representation used that 

Notation—The symbols this paper are summarized the Appendix. 
effort has been made conform essentially with “Symbols for 
Structural Engineering, and Testing compiled Committee 
the American Standards Association, with Society representation, and 
approved the Association 1932. 


THEORIES 


The theories represented will limited, for the present, bi-axial stresses, 
isotropic materials, and gradually applied loads. The assumptions, limitations, 
and inconsistencies each particular theory have been treated. The term, 
“failure,” subject variety definitions. implies limiting value 
change shape, stress, sliding, energy, combination these factors, 

Nore.—Published August, 1935, Proceedings. 


Asst. Prof. Eng. Materials, Coll. Eng., Rutgers Univ., New Brunswick, 


Strain-Energy Function and the Limit,” Haigh, British Assoc. 
for the Advancement Science, 1919. 


*“The Resistance Ductile Materials Combined Stresses Two Three 
tions Perpendicular One Westergaard, Journal, Franklin Inst., May, 
1920. 
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point failure being determined experimentally stress-strain curve. 

ing when stress, deformation, sliding, combination these three fac- 
tors, reaches limiting value. these physical concepts, theories 
failure are classified, follows: 


(a) General Stress Theories.— 


(1) Maximum Stress Theory (Rankine). 
(2) Maximum Normal-Stress Theory. 
(3) Maximum Stress-Normal Stress Theory. 


(b) Deformation Theories.— 


(4) Maximum Strain Theory (St. Venant). 
(5) Maximum Distortion Theory. 
(6) Maximum Strain-Distortion Theory. 


(c) Shear Stress Theories.— 


(7) Maximum Shear Theory (Coulomb and Guest). 
(8) Internal Friction Theory (Special Cases Coulomb’s Theory). 
(9) General Shear Theory (Special Cases Mohr’s Theory). 
(d) Energy Theories.— 
(10) Maximum Strain-Energy Theory (Beltrami and Haigh). 
(11) Maximum Shear Strain-Energy Theory (von Mises, Hencky, 
and Huber). 
(12) Maximum Strain-Shear Strain-Energy Theory. 
(13) Maximum Volume-Energy Theory. 


(e) Miscellaneous Theories.— 
(14) Wehage’s Theory. 
(15) Maximum Change-in-Volume Theory. 
(16) Maximum Shear-Strain Theory (Becker). 


possible that combinations the aforementioned theories, depending 
the signs the principal stress, may the true ones. Another approach 
the problem consider the material non-isotropic. Such procedure 
has been followed 

For simplicity, the theories will represented for the case bi-axial 
most cases they are easily extended the case tri-axial stress. 
such cases, instead graphical representation one plane, the theory 
represented surface symmetrical about three planes right angles. For 
brevity, the assumptions and limitations involved will omitted. 

Let and the principal stresses failure material subjected 
bi-axial stress; sz, the stress failure simple and the stress 
failure simple compression. The theories are represented graphically 

The remaining quadrants are explained the illustrations. 


Am. Det Kig Norske Videnskabers, Selskake Skrifter, 1927, No. Trond- 
hjem, 
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Stress THEORIES 


(1) Maximum Stress Theory (Rankine).—In Rankine’s maximum stress 
theory, failure defined the condition material when one the prin- 
cipal stresses equals the stress, failure, simple tension 
Referring Fig. for the case, material defined having failed 

ment Theory (1) (and Theories (4), and (10), follow), has been 


+ 


82 


+0.6 
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Fic. 1.—RANKINE’s MAXIMUM STRESS Fic, 2. 
THEORY. 


(2) Normal-Stress Theory—Experimental evidence shows that 
materials not fracture direction perpendicular the greatest principal 
stress required the maximum stress theory. Consider the fracture 
occur right angles some intermediate direction, and that the material 
question has failed because the normal stress this plane has reached limit- 
ing value. Furthermore, let this limiting stress composed two parts: 
normal component, the principal stresses; and component 
due internal friction. Assuming the normal component due friction 
proportional the shearing stress, ss, its value ssf, which equals 
internal friction. Fig. represents the forces, and acting 
the plane fracture, BC. Hence, the limiting normal stress, is: 


Materials,” Timoshenko Pt. II. 
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Substituting values and terms the stresses, and and differ- 
entiating with respect tan gives the condition for the maxi- 
mum value With tan —f, the maximum limiting value 
expressed by: 


For the case simple tension: s¢; and, 


Combining Equations (2) and (3): 


or, when and are positive, and 


Fig. represents Equation (5) for values 0.0, 0.8, and 1.0, the 
four quadrants. 


f=1.0 


8; 
Values of r = ie 


Stress 


Stress-Normal Stress Theory.—Consider that the limiting 
stress governed either general stress normal stress theories, depending 
the signs the principal stresses. Then, the limiting equations are: 
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Fig. represents Equations (6) for values 0.8, and 1.0, and for 
St, Quadrants and IV. 


THEORIES 
(4) Maximum Strain Theory (St. the maximum strain 
theory failure assumed occur when the elongation contraction the 
direction one principal stress reaches limiting value equal the deforma- 
tion failure simple tension. Expressed algebraically, this equivalent 
stating that failure occurs when: 


which Poisson’s ratio. Fig. represents Equations (7) for 
and 0.25 and 0.35. 


Ky) 


82 


82 


Nn 


8. 


Fic. Venant’s STRAIN Fic. THEORY. 
THEORY, 


(5) Distortion distortion theory the 
assumption that limiting angular deformation shear distortion the 
factor that produces failure. equating the angular distortion the case 
bi-axial stresses that for the case simple tension, the following limiting 
(see Fig. 6). might expected, this theory reduces the maximum shear 
theory (Theory (7)), the discussion which follows. 
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(6) Maximum Strain-Distortion Theory.—Consider failure being gov- 
erned limiting elongation, contraction, angular distortion, equal 

the values simple tension, but depending the signs and 
Then the equations defining failure are (see Fig. 7): 


82 
82 


Values of y = 
Values of y = 


Fic. STRAIN-DISTORTION Fic. MAXIMUM 
THEORY. 


Stress THEORIES 


Shear theories are based the assumption that failure results along some 
plane result shear stress the plane having reached value equal 
the limiting value the shear stress simple tension. Several theories are 
rooted this concept, defining the direction the plane the limiting 
shear the value the shear stress. 

(7) Maximum Shear Theory (Coulomb and this theory, the 
plane sliding limiting shear considered the plane theoretical 
maximum shear, and may expressed algebraically follows (see Fig. 8): 

(8) Internal Friction Theory (Special Cases Coulomb’s Theory).— 
Assume the plane failure sliding angle different from that 
the theoretical maximum shear. For example, Fig. consider that the 
resistance sliding, the limiting stress, the limiting plane, BC, 
frictional force proportional the normal stress, equal Then: 


Coulomb showed that, substituting values and for and 
For 


cos 
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Special cases this theory can obtained and represented the co-ordi- 
nates used for Theories (1) (7). Thus, consider, 


Such value representative for several steels. From Equation (9): 
From Equations (11) and (12): 


Substituting this value Equation (13) (and, when positive, 

quadrants the theory requires that, for failure: 0.6Ty 
theory for 0.6 


Values of z = % 


Fic. 9.—INTERNAL FRICTION THEORY, 10. 
SpeciaL Cases or CovuLoms’s THEORY. 


(9) General Shear Theory (Special Cases Mohr’s Theory).—Assuming 
that the plane limiting shear sliding dependent direction the 
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relative values the combined stresses, Mohr stated general shear theory. 
assumed that the limiting stress, s,, equal constant stress plus 
frictional stress produced the normal stress, the plane sliding. 


Referring Fig. which defines the direction sliding, statics: 


and, 


Mohr represents the values and graphically shown Fig. 10(a) for 
different values and represented series circles. The lines 
drawn tangent the circles represent Equation (14) and the co-ordinates 
the points tangency are given Equations (15) and (16). The envelopes 
the circle, therefore, represent the limiting values and that define 
failure. 

empirical correlation between Mohr’s theory and other theories desir- 
able. For this purpose, test results several experimenters were plotted 
the co-ordinate axes indicated Fig. 10(a), and the average envelopes 
the circles were drawn. was found that the experimental data could 
best expressed the equation ellipse. Actual values are given sub- 
sequently Equations (21) and (22). Fig. 10(b) represents the relation between 


and s,—the envelope the circles shown Fig. 10(a). Then 


or, 
which, and Substituting Equations (15) and (16) 
Equation (17): 


For Equation (18) consistent for simple tension, let and 
Therefore, 


2 
Assuming 45° for the case simple tension, Equation (19) becomes: 
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From the plotted experimental data and for average limiting values the 
envelopes, the values and consistent with Equation (20) and the test 
data, are: For 1.30, 0.54; and, for 1.00, 0.58. Substituting 
these values Equation (17): 


For 1.30, 


and for 1.00, 
Substituting the values and from Equations (15) and (16) Equa- 


tion (12) and assuming that 45°: 


For 1.0, 


Fig. represents Equations (23) and (24) for values 1.00 and 1.30. 
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Fic. 


Fic. SHEAR THEORY: 
THEORY: BELTRAMI AND 


SPECIAL CASES THEORY. 


Enercy THEORIES 


(10) Strain-Energy Theory (Beltrami and Haigh).—This theory 
based the assumption that the strain energy failure for combined 
stresses equals the value the energy failure the case simple tension. 


other words, failure occurs when, 


Fig. shows Equation (25) for 0.25 and 0.35. 
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(11) Shear Strain-Energy Theory (von Mises, Hencky, and 
Huber).—Assuming that the energy due shear distortion failure for 
combined stress equals the value shear energy distortion for simple ten- 
sion, this theory reduces to: 


This was obtained subtracting from the total strain energy the energy due 
change volume, which yields the resulting energy due change shape. 


THEORY: VON MISES, HENCKY, AND STRAIN-ENERGY THEORY. 
HUBER. 


Equation (26) (see Fig. 13) identical with the special case Mohr’s theory 
for 1.0. Theory (11) and other theories have been written 

(12) Strain-Shear Strain-Energy that the 
energy due either the normal strains the angular distortions are the limit- 
ing factors. The equations defining failure are then expressed as: 


or, 


The equation which defines failure Equations (27) and (28) depends 
the value Equations (27) and (28) are represented Fig. for 

(18) Volume-Energy Theory.—Let the energy produce change 
volume the limiting factor. addition, let the volume energy failure 
for simple tension equal the volume energy failure for combined stress. 
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The energy required change the volume element subjected the 


principal stresses, and is: 


volume. Substituting for stresses terms strains Equation (29): 


From Equations (30) and (31), +s, and, therefore; 


and, 


Equations (32), for are plotted Fig. 15. 
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Fic. Fic. THEORY. 
ENERGY THEORY. 


THEORIES 
(14) Wehage’s theory empirical and based experi- 
ments made with pieces paper submitted tension two directions 


right angles. Algebraically, the theory reduces to: 
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which and are the “yield” point stresses the two directions. For 
the theory becomes: 


(15) Maximum Change Volume that the volume 
change the limiting factor and that the change volume the point 
failure simple tension equal the change volume for combined 
stresses. Let the change volume For the case element sub- 
jected the principal stresses, and 


When and are both positive: 
When and are both negative: 


When (in the case simple tension), and 
and, when (in the case simple compression), and 


Equating the formulas, (35) (38), inclusive, Equation (39), and 
letting the following equations are obtained, defining failure 
limiting volume change; thus: 


For 


) 
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and, 


and, 


82 
+0.6 


Values of y = 


81 


Values of z = i 


VOLUME THEORY. SHEAR-STRAIN THEORY. 


(16) Shear-Strain Theory (Becker’s that 
the limiting condition for failure either maximum strain maximum 
shear. Then from the formulas Theory (4) Equations (7), and Theory (7), 

Becker introduces experimental constant the foregoing equations 


assuming that instead 0.5. Using this value the corresponding 

and 0.35, are shown graphically Fig. 18, A-number theories this type 

can obviously obtained the superposition others, seen from Fig. 19. 


THEORIES 


The differences the dimensions machine and structural members 
result designing the various theories are interest, not importance. 
The importance evidently reduced because the indeterminate factors 


Equations (41) and (42) are represented Fig. 17. 
+ 
° 
= 
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involved the selection working stress. The theories are compared 
graphically Fig. for the values the mechanical properties given. From 
this graphical representation, numerical comparison can obtained between 
the limiting stresses required the various theories and the resulting 


differences design. 


Fie. MEASURED AND THEORETICAL STRENGTH FOR TUBES. 


LEGEND 
© Tests by Guest 
« Tests by Smith 
Note: Values of Experimental 
Constants used: 
tf 3 =0.6 
a@=10and13 
¢=035 


CoMPARISON THEORIES AND 


Numerous tests were conducted specimens cast iron, steel, copper, 
and brass, study the relation between the measured and the theoretical 
strengths each case. The specimens were subjected combined stresses 
and the results plotted with the corresponding theoretical curve the manner 
demonstrated Fig. for brass tubes. The numerical comparison given 
Table obtained from these plotted results. The percentage values for the 
between the test results and all the theories are approximate. 
These values for the percentage difference between theoretical and actual 
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TABLE 1.—Tests Stupy 


Maxi- Mini- 
mum mum 


axial tension with Initial yield point.. and 
>1.0 Tube..... internal pres- 
with internal pres- 
4 
<1.0 Tension and torsion and tension 
Initial yield (1) and (10) 


Tension and torsion and tension 


and Initial yield (11) and (8) 
Tension with torsion and com- 
pression with torsion........ Proportional (8), (4), and (9) 
pression wi ee ield point....... ~ (7) and (9 
>1.0 Tube..... Bending and torsion.......... Intersection elas- 
ticity and flow. and (9) 
Internal Yield 10), (2), and (9) 
Axial tension with internal pres- 
with pressure.............. Initial yield (2) and 
<1.0 Tension with torsion and com- 
with torsion........ Yield point....... and (9) 
Tension with internal Elastic limit...... and (9) 
with torsion and tension 
-| Proportional limit. 3 44 0 2) and (16) 
Intersection of elas- 
Tension with internal pressure.| Elastic limit... ... 10 44 0 16) and (8) 
Axial tension with pres- 
tic limit........ 3 37 2 10) 
Tension with torsion......... Proporti limit . i4 25 1) 
>1.0 Solid rods.|{ Tension with torsion and com- 
pression with torsion........ Yield (2), (8), and (10) 
Bending with Intersection elas- 
<1.0 Solid rods} Tension with torsion and com- 
pression and torsion.......... Yield (9), (2) and (8) 


>1.0 Internal pressure.............. Yield point....... 
4 Bending with torsion.......... Rupture point..... 12 12 1 4) 


<1.0 Tension with torsion, tension 

with pressure, and torsion with 

pressure...... Initial yield point.. (9) and (1) 
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TABLE 1.—(Continued). 


Avmracs 


Maxi- Mini- 
mum mum 


Bending with torsion.......... Intersection of elas- 
ticity and flow. (4) and (9) 
>1.0 Tension with torsion and tension 
>1.0 | Tube.....| Tension with torsion, tension 
with pressure, and torsion with | | | 
Tension with torsion.......... Yield point....... 7 24 2 (1) and (2) 
sion with pressure.......... Initial yield point.. (9) and (4) 


stresses were obtained arithmetical averages. The values Column (8), 
Table are based these results. 

study the test data and test procedure shows that some cases the 
discrepancies between theories and tests may due inaccurate test data. 
Computations were made showing that the errors the stresses, due errors 
measurement errors the values experimental constants used, may 
appreciable. Another source error the computation the stresses, 
and from the applied loads and the dimensions the member. 


The foregoing comparison shows that one theory now use agrees 
exactly with test results. The precisely correct theory failure probably 


combination number these theories, depending upon the ratio, 

Fig. indicates number such cases. Furthermore, there may several 
theories equally well supported for one material and the correct theories may 
vary with the material. Obviously, ultimate solution will depend the 
results further study this field. 
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APPENDIX 


The following symbols have been adopted for use this paper: 


major axis ellipse; also, major yield point stress. 

breadth; minor axis ellipse; also, minor yield point 
stress. 

subscript denoting “compression.” 

coefficient internal friction. 

unit stress general; limiting normal stress; and 
principal stresses failure; stress failure simple 
tension; stress failure simple compression; 
unit shearing stress; and shear stress torsion. 

subscript denoting “simple tension.” 

variable distances measured parallel the 

variable distances measured parallel the Y-axis. 

modulus elasticity; Young’s modulus; modulus 
elasticity shear. 

length; subscript, denotes “limiting.” 

moment force. 

normal component principal unit stress. 

subscript denoting “shearing torsion.” 

volume; change volume. 

“change in.” 

energy distortion element subjected the principal 
stresses, and 

Poisson’s ratio. 

angle between planes stress. 
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DISCUSSION 


presented Professor Marin offers some serious difficulties, the principal 
which due the large radial scatter the representative points. 
apparent, however, that none the theories outlined the author ade- 


quate represent the phenomenon throughout the range values 

noting this the author states (see “Conclusion”) that “the precisely 
correct theory failure probably combination number these 


theories, depending upon the ratio, 
Assuming material essentially homogeneous, such steel, not 


likely that the failure values, and s,, the principal stresses would jump, 


some ratio, from those given one theory those given another; 

that is, more conformable with experience that the transition should 

gradual. Such transitions, then, would most likely occur close the points 

intersection the representative curves. the various possibilities 

seen that, although one may obtain locus much closer the average 

the test data than any those given the simple theories, still there are 


serious discrepancies. For instance, near the ratio, the average 
the tests falls between loci the general shear and the maximum strain- 
energy theories. These observations not rule out any the simple theories 
presented, however, but only their mathematical form; most these expressions 
have been obtained the assumption that Hooke’s stress-strain relation holds, 
and failure, any reasonable definition, occurs beyond the linear relation. 
view this the writer proposes different approach the problem. 
Considering sufficient homogeneity the material and accuracy tests 
determine the failure point, will assumed: (a) That there law 
failure; (b) that the curve representing this law continuous and continu- 


ously changing; and (c) that, for given value the the resultant 

the principal stresses single valued. was stated, Assumption (b) 
requirement that conforms with experience. Requirement (c) states, other 
words, that, two identical samples are subjected identical conditions, the 
values the principal stresses failure will identical for the two. 
important notice that the test results will not generally identical, but 
these results are subject errors interpretation and mechanical errors 
which cannot avoided. The scatter the points representing the tests 
presented Professor Marin will considered later. 


Assoc. Prof. Eng. Mechanics, Rutgers Univ., New Brunswick, 
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order develop the present analysis will convenient adopt 
the polar co-ordinates, and which are connected with the co-ordinates, 


and, 


thus seen that the resultant the principal stresses divided 
s:. For brevity, will called the resultant and and the principal 
stresses. terms these co-ordinates the law failure embodying the 
foregoing three requirements will given functional relation, 


Besides the aforementioned requirements, seen that periodic 
(this the very nature the representation the law; for 
instance, the value cannot change adding 360° Therefore, 
ideally suited expanded Fourier series: 


k=1 
With very extensive data the coefficients this expansion may deter- 
mined readily the method least squares. number the terms the 
series may discarded priori Requirement (d) that the curve must pass 
through points, +1, the axes, and Requirement (e) that the curve must 
symmetrical about the two lines, +45 degrees. The number the 
remaining terms the expansion, Equation (46), that may will 
depend the completeness the available data. another connection, 
the writer has discussed the significant flexibility curves,” particularly 
curves represented series which the coefficients are adjusted the 
method least squares related procedures. sufficient state that, 
depending the data, there point beyond which added terms the 
series will give poorer representation the function than will given 
the series with these terms omitted. The first two terms the series, Equa- 

tion (46), that satisfy Requirements (d) and (e) are: 


Equation (47) will tried first approximation the law failure. 
There only the constant, determined, that the method least 
squares leads the simple formula: 


94. 


| 
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for the best value Equation (48) the resultant the recorded 
tests; 9%, the corresponding angle the polar representation; and the 
number items. Equation (45) has been used substitute for 
every experimental result there corresponds definite set co-ordinates, 
and 6x, which may readily obtained from the data made available the 
writer Professor Marin; but instead computing each term the series, 


a 
> 
> 
> 


STRESS PLANE oF ACCIDENTAL VARIATION 


Equation (48), separately, the data will grouped follows: The right 
half the stress plane (where all the experimental data fall) will sub- 
divided into eighteen 10° sectors numbered shown Fig. 20, and the 
points falling within each sector will assigned the angle the sector mid- 
line, shown the same diagram. This subdivision not only convenient 
but necessary for the statistical analysis the problem. The magnitude 
the angular opening the class sectors adopted, has been dictated per- 
sonal judgment; desirable make this magnitude small, but 
made too small, the classes into which the data are thereby grouped will not 
contain sufficient number items with which compute their statistical 
elements. 


65° 
/ 45° 10 _ 
5 
~ -0 
35° 
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Adopting this class subdivision and inserting the values Equation (48), 
obtained from the data steel tubes presented Professor Marin (which 
the most extensive), the magnitude, 0.278, obtained for the best value 
Thus, the best two-term Fourier approximation the failure law for steel 
tubes is: 


items degrees means 


Before discussing Equation (49) determine its meaning mathematical 
expression for the theory failure under bi-axial stresses, well test 
its adequacy represent the given data. For this purpose Table has been 
constructed. The first column this table lists the class numbers given 
Fig. 20. The second column gives the number experiments with representa- 
tive points falling within the corresponding sectors. The third lists the corre- 
sponding sector mid-angles, also shown Fig. 20. The mean resultant 
the observed points for each class given Column (4). The standard 
radial deviation was computed for each class about the class mean and the 
results listed Column (5), Table Golumn (6) gives the values com- 
puted for the values listed Column (3). Column (7) are listed 
the differences, Column (4)—Column (6); these, then, are the deviations 
the sector means from the failure curve, Equation (49). For every sector, 
from the number items the class and the corresponding standard devia- 
tion, the standard error the mean was computed and the results are listed 
Column (8). 

the first place, should noted that the deviations from the failure 
curve the sector means not show any marked trend; their distribution 
not incompatible with one random nature. Now, the thirteen classes 
for which the statistical elements can computed, the deviations from the 
curve the means five them are less than the standard errors 


Sector | 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
3 2 1 —75 (0.806) | ....... | 0.862 | —0.056 | ....... | 0.343 | 0.519 | 1.205 
—55 (0.940) ....... 0.739 +0.201 ....... 0.315 0.424 1.054 
—45 0.759 0.107 0.722 +0.027 +0.014 0.308 0.414 1.030 
—35 0.877 0.057 0.739 +0.138 0.315 0.424 1.054 
7 17 —25 0.800 0.125 0.789 | +0.011 | +0.030 | 0.335 | 0.454 | 1.124 
0.856 0.084 0.862 —0.006 +0.019 0.343 0.519 1.205 
0.981 0.076 1.049 —0.068 +0.038 0.285 0.764 1.334 
12 6 25 1.253 0.067 1.212 | +0.041 | +0.028 | 0.335 | 0 877 | 1.547 
1.357 0.186 1.279 +0.078 +0.052 0.308 0.971 1.587 
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the mean, and five others come well within three times the standard errors. 
the remaining three, two may disposed the following arguments: 
Sector ten the fourteen items represent experiments Cook and 
Robertson, which, will noticed, show consistently high values for the 
resultant—as compared with tests Scoble, for instance, which show con- 
sistently low results. This sector, therefore, not fair sample, and the high 
value the deviation cannot given full weight. Sector 16, with 
high negative deviation, has only two items, from which standard deviation 
0.039 was Two items, however, cannot give fair estimate 
the dispersion, which consistently high for the entire range tests, averag- 
ing 0.091 for the thirteen classes and being 0.107 for Sector which has sixty 
items. With such high dispersion not beyond the bounds reasonable 
probability that the average two experiments, particularly when performed 
the same person (Guest), should deviate 0.120 from the curve. The 
remaining class, Sector with seven items, might considered like 
manner, but quite probable that one thirteen classes should deviate 
from the norm more than three times the standard error. the two 
classes with single item each (Sectors and one deviates less than the 
average standard deviation, the other less than three times this deviation—a 
reasonable variation for single items. 

Altogether, this analysis seems show high probability that Equa- 
tion (49) close first approximation the law failure under bi-axial 
stresses for steel tubes. 

The writer believes that important make explicit recognition the 
fact that the scatter the experimental points doubtless due more 
errors observation and faults technique than variations the strength 
the material, provided, course, that the strength kept within certain 
specification bounds. For the purpose design desirable set limits 
the actual variation the strength the material, but there are data 
available the writer from which make such estimate. However, 
rough estimate the observational variation limits may made from the 
data presented Professor Marin. the octant included between Line 
and Line 45°, where most the experimental points fall, the 
circle radius and the center the point (1, follows quite well 
the trend the lower limit variation. The equation this circle referred 
the origin is: 


which the radius vector and equals the fourth quadrant taken 
with positive sign. The lower limits experimental variation from Equa- 
tion (49) will thus given, the fourth quadrant, by, 


Assuming essential symmetry the accidental variations two curves 
may constructed the four quadrants: 
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and, 


where, for all quadrants, computed from the fourth quadrant Equa- 
tions (50) and (51). The values for the limits variation thus determined 
are given Column (9) Table Columns (10) and (11) give ordinates 
and py. Fig. are given the graphs Equations (49), (52), and 
the right half the stress plane. These loci divide the plane into 
three regions. Assuming material essentially homogeneous, and reasonably 
accurate laboratory technique, then one can state that Region sample 
will found fail, all samples will observed fail somewhere 
Region and samples will found persist Region These limits, 
doubt, can greatly narrowed when more known regarding the differ- 
ences between observed results and actual failures. may noted that 
three results experiments Becker (Sector 14) fall beyond the tentatively 
assigned upper limit. 

From the available data little can said about the distribution failures 
throughout Region but taking typical the limits, +0.315, and standard 
deviation 0.105 (this value, which close the average the stand- 


0.315 


ard deviations, taken make the ratio, even number), 


one may construct distribution curve from Table the closing discus- 
sion the writer’s From the first section Table 22, for the sym- 
metric distribution function, for the value, the quantities listed 
Table are obtained. 


TABLE OBSERVATIONAL VARIATIONS 


Percentage of| 


The meaning Table that, testing large number samples, 
them, for instance, will observed weak weaker than the value given 
Equation (49), less 0.184; or, that 70% samples will observed weak 
weaker than the value given Equation (49), plus 0.066. 

Fig. shows this distribution function. For comparison the actual dis- 
tribution given the tests Sector about the class mean. The two are 
not strictly comparable because neither the means nor the standard deviations 
coincide; but the comparison made, nevertheless, show that, general, 
the distribution observed failures Region follows that required 
theory. 

The present statistical analysis the problem has led Equation (49) 
first approximation the law failure for steel tubes under bi-axial 
stresses. The available statistics not warrant closer approximation, but 


“An Asymmetric Probability Function”, see seq. 
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they seem give this equation high probability approximating closely 
the true law. remains discuss this law from the point view 
possible theory failure that might give rise it. 


Percentage of Samples 


aid Distribution of Tests in Sector 5 
about Sector Mean 


0 
0.3 —0.2 —0.1 0.0 0.1 0.2 03 
Deviation of Resultant from Failure Curve 


22.— DISTRIBUTION ABOUT FAILURE CURVE 


The value, 0.278, found for the constant Equation (47) suggests 
strongly that this constant might Poisson’s ratio; or, perhaps (as will 
appear subsequently the discussion the failure brass tubes), some 
function this ratio. One might indeed expect, priori, find this impor- 
tant constant included the law combined stress Assuming 
for the moment, and using the relation, sin sin cos and the 
co-ordinate transformations, Equations (43) and (44), then the law failure, 
Equation (49), becomes, 


this form the law seen bear striking resemblance the expres- 
sions for several the theories presented the author. Equation (55), 
fact, may considered the equation continuously varying ellipse. 


or, more compactly (using the value for given Equation (43)), 


1186 SLADE FAILURE THEORIES AND COMBINED STRESSES 


Sectors and this curve coincides closely with the maximum 
energy theory, but elsewhere intersects parallels the curves representing 
the other theories and thus does not seem bear out the author’s conjecture 
that the correct theory may combination several these theories 


depending the the writer’s opinion the correct theory 


failure, approximation the mathematical expression for which given 
Equation (49) Equation (55), can formulated only after taking into 
account: (a) The non-linear character the stress-strain relation the 
neighborhood failure; (b) the modification Poisson’s ratio that region; 
and (c) the relation the direction the plane fracture the polar 
representation. 

The experiments brass tubes given the author’s paper would seem 
indicate that the constant, Equation (49) not simply equal Poisson’s 
ratio, for the substitution 0.35 Equation (55) gives poorer repre- 
sentation the results than much smaller quantity would give. There 
are not enough tests given brass tubes, however, make significant state- 
ment regarding the form this constant. The few results given copper 
tubes, the other hand, more nearly confirm the conjecture that 
The experiments steel rods, average, give higher values than are 
obtained Equation (49) but this is, perhaps, what should expected. 

tube the condition failure can attained more uniformly than 
solid rod. the latter failure may occur point before failure can 
detected experimentally. Where failure does not occur uniformly there 
chance for the phenomenon “wire-drawing” add its reinforcing effect 
the test rod. this case Equation (49) would give the first failure, 
“point” failure, and whether this can detected depends the achievement 
very exact laboratory technique. Cast iron presents characteristics 
failure that seem definitely different from those the more elastic and 
homogeneous materials. Experiments this material show scatter the 
representative points which smaller than that for tests steel, that 
few careful experiments that plot the first quadrant the stress plane 
would doubt give good indication the failure characteristics this 
material. negative value the constant, Equation (47) necessary 
represent the cast-iron data properly, but the law thus determined might 
not follow through into other quadrants. Another term the Fourier series 
may necessary approximate closely enough the law failure for this 
material, term which becomes insignificant the case the failure steel 
tubes. This case illustrates the importance formulating carefully the 
correct theory failure. 

conclusion, the writer wishes express his appreciation Professor 
Marin’s work unifying and presenting this valuable information collected 
from such wide sources; his paper great step toward the correlation 
theory with experiment this interesting branch which marks 
the way greater efficiency design. 
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paper Professor Marin well point out two fundamental differences 
which might cause confusion the discussion theories failures. 
believed, that the general testing methods adopted discover the theories 
material failure have not been given proper differentiation between the 
failure structure because its shape and the failure material based 
its fundamental strength qualities. 

When buckling introduced into the test sample possible method 
failure structure, obvious that failure can occur values 
stress that are much below the elastic limit yield point the material. 
Such failure depends the shape and the properties the test 
pieces, rather than the yield general break-down the material. 

Examples structure failure, which buckling occurs varying values 
stress depending the relative slenderness the test samples, are con- 
tained the column problem, the tube collapse problem, and the thin tube 
torsion problem. Many the theories material failure are based test 
samples which buckling, method failure, enters, and the confusion 
which has associated itself with various theories, shown the author’s 
Fig. 19, largely attributable lack appreciation this fact. The 
writer’s experience with testing has brought light failure slender steel 
columns less than one-third the yield strength the material. The slender 
tube has collapsed less than one-third the yield strength the steel, and 
the slender torsion tube has collapsed less than two-thirds the torsional 
yield strength the steel. each case the slenderness the test sample 
has been reduced, the failure point the various aforementioned struc- 
tures has increased progressively. 

Many the experimenters have applied experimental test samples one 
more the aforementioned methods which are associated with this buckling 
and different investigators have varied the relative slenderness test 
shapes, they not check even within large percentages with each other. 

good example what the writer wishes convey contained the 
experimental work who responsible for the maximum shear 
theory failure. The record his work shows that great care was taken 
his experimentation, and since was recorded such detail, allows 
study the test procedure. his experimental work, Guest used 
thin cylinders and performed many twenty tests single test sample. 
used combination torsion, internal pressure, and tension compres- 
sion, various combinations these testing methods. certain cases, 
repeated the combinations stress application more than once single 
test sample. For instance, the first test might that simple shear, and 
after various other tests were made the same sample, again resorted 
simple shear. Invariably, when repeated identical tests the same sample 
obtained the same results. 

The point the writer wishes make this; Since his standard measure- 
ment depended the stress-strain diagram and the deviation from propor- 


Research Dept., Smith Corporation, Milwaukee, Wis. 


8“On the Strength of Ductile Materials under Combined Stress”, by J. J. Guest, 
Philosophical Magazine, July, 1900, 69. 
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tionality, obvious, that this point exceeded terms yielding 
the metal, then with each test new yield point established. If, the 
other hand, elastic buckling only responsible for the phenomena, the limit 
proportionality the structure can exceeded without interfering with 
the yield the metal and such elastic buckling will repeat itself indefinitely. 
Guest had changed the slenderness his test sample appreciably, would 
have obtained quite different results. 

There exceeding good evidence that elastic structures fail very nearly 
according the mathematical theory elasticity, especially the zone 
which the elastic properties the materials impose the controlling factor. 
The failure materials, such separation into two parts can occur only 
tension shear according the strict interpretation these terms. 
The writer has obtained fatigue fractures from different samples the same 
bar steel which occurred separately tension and shear. 

very probable, that neither the maximum shear theory nor the maxi- 
mum stress theory can explain the break-down the steel other materials 
bi-axial tri-axial loading. The writer leans toward the idea that some 
form maximum energy will yield the most reliable answer the problem 
the theory failure material. 

This discussion not presented with the idea that the answer the 
problem material failure known definitely. The method determining 
the answer must disassociated from buckling. possible that different 
materials may yield different solutions; for instance, glass probably will 
produce different result than steel. Steel will possibly have different 
solution than aluminum. the other hand, the failure structures has 
yielded consistent ideas, that the service problem the application 
materials has not suffered because the various theories material failure 
not coincide. 


Jun. Am. Soo. (by conditions caus- 
ing plasticity have been great interest not only physicists but also 
engineers, since the limiting states stress are intimately bound with 
working stresses and factors safety.“ Civil engineers use the Rankine 
maximum stress theory almost exclusively, whereas mechanical engineers 
favor the maximum shear theory, especially for ductile materials. 

The author lists sixteen theories. The best known these are Theories 
(1), (4), (7) (11), (14), and (16). Theory (5) reduces that Theory (7); 
Theory (12) reduces Theories (10) and (11); and, Theories (6), (14), 
and (15) seem have very little experimental support. comparing the 
hypotheses Theories (11) and (13) seen that the fundamental ideas 
thus expressed are diametrically opposed. The statement Theory (11) 
based upon the experimental fact that materials can withstand large hydro- 
static pressures without failing. What the basis for the statement expressed 
Theory (13)? 


“With U. 8. Bureau of Reclamation, Denver, Colo. 


Safety and Working Stress,” Soderberg, Transactions, Am. 
Soc. Mech. APM 62-2. 
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These various theories can compared examining the case pure 
shear, which and from which relation between the yield stress 
shear and that uni-axial stress may obtained. Writing this 
relation as, 


the values for the various theories mentioned the author, are given 


Table 
TABLE 


Value Val Value 
Theory Special con- Theory Special Theory Special con- 
No. condition stant, No. condition stant, No. condition stant, 
(2) (3) (2) (3) (3) 
1 0.6t By Equation 
0.83 9 a=1 0.577 (27): 
0.83 9 a=1.3 0.54 12 0.62 
4 o =0.25 0.8 10 ¢ =0.25 0.63 12 o =0.35 0.61 
4 o =0.35 0.74 10 og =0.35 0.61 (28)t 0.577 


*Same Theory No. 10. Assumed. Same Theory No. 11. 


Experiments have shown that approximately 0.6, and that, 
apparently, for the state stress expressed failure occurs when 
This value may have been influenced the fact that the 
tests were not purely bi-axial. More recent experiments” seem support 
the theory Huber-Hencky-von Mises. 


theory” not immediately apparent; rather naive but widespread idea 
that safety factor, taken the ratio ultimate working stress, represents 
the margin provided prevent failure spite the designer’s mistakes. 
point fact “there considerable number variables outside magnitude 
stress, involved the problem the burden thrown the 
safety factor uncertainty what determines failure under combined 
stresses not responsible for large share the margins strength found 
necessary. 

Nevertheless, some sort criterion which allow for combination 
stress necessary, and the other variables the problem strength are 
subjected more searching analysis, right that this one should also 
re-examined. For this purpose sixteen different theories are reduced 
forms suitable for comparison, both analytical and graphical. under- 


Bulletin No. 32, Univ. Vol. 13. 


Lode, Zeitschrift fiir Physik, Vol. 36, 1926; also, Ros and Proceedings, 
Second International Cong. for Applied Mechanics, Zurich, 1926. 


Lt. Comdr. (C.C). Navy, Office Superintending Construct 
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stood that the curves shown represent boundaries beyond which plotted points 
indicate failure. Although not clearly stated, understood 
furthermore, that the co-ordinate these points are the relative values the 
principal stresses. Each such point thus represents certain proportion 
between the two principal stresses, the scales being such that the ultimate 
strengths simple tension and compression are correctly indicated, that 
all curves (except that for Theory (8)) pass through all the four points 

appears Table that may mean anything from rupture 
exceeding the proportional limit. the graphic study, these differences are 
ignored and only the effect combining stresses considered, with 
reference characteristics the material. 

The stress point homogeneous elastic medium condition that 
can specified exactly, regardless the combination loads, each with its 
contribution stress, which the actual result produced. The real ques- 
tions thus appear be: (a) Considering the stress the point which 
“failure” begins, what feature the stress that determines the failure; 
or, word, what constitutes equivalence stresses causing failure? 
and (b) strength involving combined loads, how shall the 
effective feature the resultant stress estimated 

Fig. indicates that the graphs generally agree showing elongation 
along the axis half past one. Does this mean that combination prin- 
cipal stresses the same sign more easily withstood than combination 
opposite signs? so, that would confirm the idea that somehow shear plays 
special part causing failure. 

appears that more definite conclusion than this possible from the 
data presented, since the spots Fig. and the data Columns (6) and 
(7), Table show that the spread observations exceeds the differences 
between the theories. 


day knowledge theories failure materials subjected combined stress, 
presented this paper. Table very convenient statistical summary 
the evidence. noted that, with the exception the tests with 
solid cast-iron rods under combined tension and compression (at right angles), 
Professor Marin has used the criterion elastic strength all cases. 
quotes the strength tube cast iron judged “yield point”. This 
reporting yield point cast iron would seem call for further explana- 
tion, cast iron ordinarily does not have yield point. first sight, the 
various criteria used for elastic failure would rather confuse the evaluation 
results, but closer examination shows that for each comparison theory 
with experimental results the same criterion used, that tests may 
compared fairly satisfactorily. would interest Professor Marin 
had given references for the particular experiments each case listed 
Table fact his paper would distinctly more valuable references 
original sources data were given more fully. 


"2 Research Prof. of Eng. Materials, Univ. of Dlinois, Urbana, Ill. 
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Two points are not covered the paper. The first the failure mate- 
rials other than elastic failure. Professor Marin has, indeed, quoted tests 
cast iron which theory was judged the strength fracture. These 
tests seem indicate that the maximum strain theory fitted test results more 
closely than the other theories. This result checked tests obtained 
Matsumura and tests cast iron under combined bending and 
torsion. the 1933 Marburg Lecture before the American Society for Testing 
Materials, Dr. Gough, the British National Physical Laboratory, 
quoted fatigue tests mild steel under combined which indicated 
that, using fatigue fracture criterion strength, the maximum shear 
strain-energy theory (Theory (11) the paper) fitted results best; and the 
maximum shear theory (Theory (7), the paper) showed fairly close agree- 
ment with test results and was slightly the “safe” side. quite possible 
that different theories hold for ductile and for brittle materials, and also for 
failure fracture opposed failure plastic action. This raises 
the question failure continued flow creep, which has become impor- 
tant high temperatures. data creep under combined stresses are 
available, far the writer knows. 

Another point not covered Professor Marin the question failure 
“tri-axial” stress, especially failure under equal tensile stresses along 
three axes reference. far, effective experimental study this phenome- 
non has been made. Under equal tensile stresses three directions the shearing 
stress metal would zero, and matter dispute whether this 
would strengthen the metal preventing shearing failure, weaken 
inhibiting the occurrence slight localized action which usually 
found metals even under light stresses, and which tends reduce the 
“peaks” localized stress which, without this plastic action, would 
developed minute areas. The writer does not know any more intriguing 
problem than the study this “triple tension”, which has been discussed 
vigorously Professor Haigh, the Greenwich Naval Academy 
Laboratories, Greenwich, England. 


are not sufficient which base conclusions the validity the theories 
failure treated this paper. Under “Conclusions”, Professor Marin states 
that, “the precisely correct theory failure probably combination 


number these theories, depending upon the ratio, 
Each theory with its basic assumptions and limitations has its individual 
historical and practical value. The theory the strength materials has 
always been favorite subject scientific research among mathematicians. 
the first part the Seventeenth Century the theories elasticity were 


based empirical values either twenty-one fifteen unknown constants. 


** Memoirs, Coll. of Eng., Kyoto Imperial Uniy., Kyoto, Japan, February, 1915. 
Proceedings, Am. Soc. for Testing Materials, Vol. 33, Pt. II, pp. 
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Discussion some these theories continues the present.* Theorists and 
mathematicians have contributed equations for computing ultimate 
forces sustained various elastic members. imposing task apply 
some these equations and theories practice. The Euler formula for 
column sustaining direct force was considered erroneous for number 
years. Only recently have the practical limitations Euler’s equations been 
understood. His equations have found wide application the theory the 
strength 

interesting practical application the theory maximum shear stress 
failure has been made Professor has developed the equa- 
tions for cémputing the relation between direct stresses concrete test 
prism and ultimate stresses concrete under combined stresses. Further- 
more, the equations for computing the limiting stresses 
Professor Fritsche introduced exponential expression for variation 
strain and stresses concrete. However, correctly the late 
George Swain, Past-President and Hon. Am. Soc. E., one has 
yet proposed reliable instrument for measuring the variation stresses 
material sustaining combined forces space such manner verify 
the theories failure. 


(by critical examination the existing 
theories failure advanced various investigators, and their correlation 
means common set co-ordinate axes, the subject this interesting 
paper. the theories failure treated, the writer wishes add one more, 
proposed Professor Sandel.” 

The change shape body under the influence external forces, 
caused the change position its particles relative each other, can 
considered the measure ultimate strength the material. Conse- 
quently, the deformation body determined the slip its particles 
along principal shearing planes and also its volume change. The theory 
proposed Sandel based upon this reasoning. identical with the 
maximum shear theory when the influence the intermediate principal 
normal stress equal zero. general, however, this influence can 
explained only assumed that the volume change contributes also 
the rupture the material. the limiting state stress, therefore, the 
greatest sliding reaches limiting value which afterward decreases linearly 
with the positive volume change (increase) the body. Evidently, Sandel’s 
theory failure generalized maximum shear theory. 

the case bi-axial state stress and with the author’s notation, 
Sandel’s theory failure expressed by, 


“Strength Materials”, Timoshenko, 1916. 

% Beton und Eisen, April 5. 1935. 

8 Dipl.-Ing., Los Angeles, Calif. 


»“Ueber die Festigkeitsbedingungen: Ein Beitrag zur Loesung der Frage der zulaes- 
sigen Anstrengung der Konstruktions-materialien”’, von G. D. Sandel, Leipzig, 1925. 
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which, the shearing stress failure; and denotes the 
degree brittleness the material. For structural steel, 0.04; for 


cast iron, 0.60; and for concrete, 0.88. 

For Equation (57) expresses the maximum shear theory and for 
the maximum stress theory failure. 

The bi-axial state stress easily extended that tri-axial stress 
adding the term, the intermediate principal stress the left- 
hand side Equation (57). 

The author commended for bringing this important subject the 
attention engineers who, practice, are accustomed deal with allowable 
stresses. 


Jun. Am. Soc. (by letter)—The interpretation 
the test results for materials subjected combined stresses given 
Professor Slade offers interesting method attack. essentially the 
same the method used the modified Mohr theory (Theory (9)), since 
both cases average value the test results used. might 
expected, both these semi-empirical methods give approximately the same 
results. apparent that Professor Slade’s interpretation more flexible 
and basic its application. However, the usefulness his method this 
particular problem, reduced view the new data presented 
this closure. 

Mr. Jasper has revealed significant factor referring the error intro- 
duced some experiments due buckling type failure. This danger, 
however, can avoided preliminary analysis which the size the 
specimen can determined such manner that failure buckling 
avoided. 

The writer wishes thank Mr. Silverman for referring the work 
Lode and that Ros and Eichinger. work these investigators has 
been addition, the recent experimental work Taylor and 
Quinney” should mentioned. further study the writer, the experi- 
mental results obtained these investigators and others, shows that for 
ductile metals the maximum shear energy theory (Theory (11)) gives decidedly 
the best agreement with the experimental results, whereas, for brittle mate- 
rial, such cast iron, the few test results available show that the maximum 
stress theory agrees best with the experiment. The basis for the formulation 
the maximum volume energy theory requested Mr. Silverman, that 
failure the case element subjected combined stresses assumed when 
these stresses have reached such values that the volume change produced 
result deformation reaches the value the volume change produced the 
case simple tension failure. 


Asst. Prof. Eng. Materials, Coll. Eng., Rutgers Univ., New Brunswick, 

“Der Einfluss der mittleren Haupspannung auf das Fliessen der Lode. 
Forschungsarbeiten, Heft 303, 1928; also, Materialpriifungsanstalt 
der Zurich, Versuche zur Klarung der Frage der Ros 
and Eichinger, Diskussionsbericht, Nr. (1928) and Nr. (1929). 

Transactions, Royal Soc. London, Series Vol. 23, 1931, 323. 
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The writer does not understand the statement made Lieut. Comdr. Roop 
that “the need for ‘failure theory’ not immediately apparent.” The ulti- 
mate strengths simple stress are not always denoted the points, 
+1. the practice usually define failure for ductile material 
such steel the lower yield point (if such exists), proof stress, while 
for brittle material such cast iron the practice use the ultimate 
stress. The more definite conclusion requested Lieut. Comdr. Roop given 
the foregoing paragraphs. 

Professor Moore mentions the tests cast iron subjected combined 
stresses made Matsumura and Hamabe supporting the maximum strain 
theory. However, tests cast iron subjected combined stresses made 
Ros and and others made Cook and show that the 
maximum stress theory closer agreement with the test results. Regard- 
ing fluctuating stresses, tests Gough™ more recent than those mentioned 
Professor Moore verify that, for the two kinds steel tested, the maxi- 
mum energy theory good approximation. The writer agrees with 
Professor Moore that there sufficient evidence show that different 
theories hold for ductile and brittle materials. Some recent work has been 
done the subject creep under combined stresses, both experimentally. and 
analytically, principally 

The problem the failure materials subjected tri-axial static stresses 
was intentionally omitted from the paper order present first the simplest 
answer Professor Moore’s comment about tri-axial stresses, the 
researches von and Boker™ brittle materials, and more recently 
that steel, should mentioned. There are apparently many 
problems yet investigated regarding the failure materials subjected 
static and fluctuating combined stresses both normal 
temperatures. 


“The Strength of Thick Hollow Cylinders Under Internal Pressure’, by G. Cook and 
T. Robertson, Engineering, Vol. 92, p. 786. 


Rept. National Physical Laboratory, England, Gough, Engineering, 
July 12, 1935, 43. 

1930, Vol. 129, also. “Utilization Creep Test Data 
Design’’, Engineering, December, PP535° and preprint for November meeting of the Inst. of 
London, England. 

Mitteilungeniiber Forschungsarbeiten, V.D.1., Heft 118, 1912. 

Mechanik der bleibenden: Formiinderung Kristallinischaufgebauten Kérpern”. 
by R. Boker, Mitteilungeniiber Forschungsarbeiten, V.D.1., Heft 175-176, 1915. 

Proceedings, Royal Soc. London, 1931, Vol. 37, 559. 
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ADAPTATION VENTURI FLUMES FLOW 
MEASUREMENTS CONDUITS 


HAROLD PALMER’, Am. Soc. E., AND FRED BOWLUS’, 
Assoc. Am. Soc. 


Synopsis 
weir can considered control section through which water flows 
critical depth. The sharp angle the face and the fact that the flow 


convex where passes the critical section introduce energy losses between 
the point measurement and the control section, the amount these losses 
depending upon the setting the weir the channel. The ordinary weir 
formula empirical equation that accurate only long the funda- 


mental conditions upon which was developed can duplicated. These 
conditions can rarely complied with confined channel, such sewer 
irrigation canal. 

This paper presents the theoretical hydraulic principles involved, and the 
results special tests made, the adaptation and construction various 
Venturi flumes for measuring flow conduits uniform cross-section, where 
weirs have proved unsatisfactory. 

Since the uncertainties variations weir coefficients are due indeter- 
minable energy losses, reasonable suppose that these losses can 
eliminated reduced negligible amount the use some other device, 
the uncertainties the rating curve will eliminated. Such conditions are 
found the so-called Venturi flume which, this paper, includes any stream- 
lined device placed open channel, closed channel partly full, having 
sufficient constriction cause water flow critical depth with parallel 
filaments. 


Nore.—Published in September, 1935, Proceedings. 
Draftsman, Los Angeles County Sanitation Dists., Los Angeles, Calif. 
Engr., Los Angeles County Sanitation Dist. No. Whittier, Calif. 
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Any shape throat may used, and the flow can determined from 
single depth measurement, using rating curve drawn from rational formulas. 
Several these Venturi flumes have been constructed, including one that 
was simply flat slab the bottom, and had side contractions; one 
that was rectangular cross-section; and several with trapezodial-shaped 
throats, all which have given good results. 


The writers show how the rating curve may drawn, and give graphs for 
use with circular conduits. 


Weirs have long been considered the standard devices for measuring run- 
ning water, but their use involves empirical formulas, and they must built 
under restricted conditions, unattainable many classes conduits. The 
ponding effect the water stream from the weir causes deposits sus- 
pended matter which often alter the hydraulic conditions that the empirical 
formula fails give the correct flow. the case sewers, sludge deposited 
this manner will decompose time and become added source trouble. 
Another objection the use weirs closed conduit the relatively large 
loss head. 

Many factors affect the proper installation weirs shown Schoder 
and able discussion precise weir measurements. The United 
States Bureau Reclamation has found from that the ordinary 
sharp-crested Cipolletti rectangular type weir must have certain very 
definite requirements for fair degree accuracy; for instance, the distances 
from the bottom and sides the channel the edges the weir must not 
less than twice the depth water over the weir, and the channel above 
the weir for distance must have cross-sectional area least 
six times that the over-flowing sheet water the weir crest. When 
the depth the water passing over weir exceeds three-tenths its 
width, the engineers the Reclamation Bureau have found that the standard 
formulas indicate quantities that are too small. The error ranges from zero 
three-tenths 30% when the depth equals its These restrictions 
limit the capacity the weir about 40% the capacity closed conduit. 

Occasionally, the true Venturi flume has been used advantage because 
gives minimum ponding and the frictional losses, being small, result 
little loss head. has the disadvantage requiring the 
measurement the area cross-section well the velocity the water 
flowing the throat. This has only been possible the past making 
two simultaneous depth measurements. 

Use the Parshall which one form Venturi flume, obviates 
some the difficulties previously mentioned, but not readily installed 
conduits already constructed because the required 3-in. drop the invert 
grade the throat. could scarcely adapted existing, standard 


Kenneth Turner, Transactions, Am. Soc. Vol. 999. 


*“Measurement Irrigation Dept. Interior, Bureau Reclamation. 
Third Edition, 1925. 


Transactions, Am. Soc. Vol. (1926), 
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sewer manhole, say, diameter. the design new system con- 
duits for which the desired points flow determinations might predeter- 
mined and few inches grade sacrificed, Parshall meters could (and 
have been) installed advantage. They have certain disadvantages the 
continuous measurement sewage, requiring daily inspection when week 
more record required, because the orifice between the channel and 
the wet-well often becomes clogged and the formation sludge after day 
two the wet-well tends raise the float, thereby causing error 
the stage recorder reading. 

Ordinary Venturi tubes may also used for liquid flow measurement, but 
larger structures are required for their installation. Such tube must 
entirely submerged and sewers this likely prevent the proper handling 
light floating material. Its efficiency often impaired clogging the 
pressure recording pipes and, including the recorders, the initial installation 
more costly than the weir and stage recorder units. 

1920, suggested placing sufficient constriction channel 
cause the water flow critical depth, the assumption that this case 
the energy head fixed, whereas the depth uncertain. presented experi- 
ments made the Bureau Reclamation,’ flume similar many 
respects one type considered the writers and showed error less 
than measurement flow, assuming transition losses. 

The following analysis the adaptation the Venturi flume flow 
measurements conduits regular cross-section applicable not only 
clear water, but also any liquid carrying suspended matter. Among the 
latter are included silt-laden irrigation water, storm water, and sewage. 
The investigations herein reported were made connection with sanitary 
sewerage system and sewage presents most the difficulties encountered 
the other classes water, the word, “sewage,” will used subsequently 
denote water that carries settleable solids. 

passing, may stated that accurate measurement sewage 
flows various parts sewerage system quite important order 
able predict with reasonable accuracy the need future works, relief 
sewers, additional pump capacity where pumping required, 
joint sewerage works accurate measurement sewage necessary 
apportion costs respective participants. Furthermore, check pump- 
ing efficiency and power requirements, knowledge the actual sewage flow 
necessary. accurate gauge the flow required for efficient and eco- 
nomical operation, where practiced since the chlorine feed 
depends both the strength and the quantity the sewage. One difficulty 
encountered accurate measurement sewage flow new sewerage 
works the fact that sewer usually constructed greater capacity 
than required the time first placed operation. The flow the 
line then relatively shallow. Furthermore, new system any large 


*“Venturi Flume Data Throws Light Upon Control Weir”, Julian Hinds, 
Soc. E., Engineering News-Record (1920), 

Improved Venturi Flume”. Parshall, Assoc. Am. Soc. B.. dis- 
Julian Hinds, Am. Soc. E., Transactiona, Am. E., Vol. (1926), 


Members, Am. Soc. E., Water Works and Sewerage, November, 1932, Vol. 79, 
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extent, the increase sewage from month month year year rela- 
tively large and many measuring devices which might satisfactory one 
time would prove totally inadequate later date. Sewage flows range 
from minimum the early morning maximum much two 
three times the minimum amount later the day; will also vary from day 
day, and any meter used for the purpose must adaptable such 
variations. 

Difficulties encountered with ordinary weirs and other similar devices 
the measurement sewage indicate that the most satisfactory meter would 
incorporate the use stream-lined flume, with minimum head loss, pre- 
venting deposits sludge above it; without sharp edges catch rags and 
other floating refuse; and with sufficient capacity measure the entire designed 
flow and yet sensitive enough record low flows the first years its 
use. The flume must adaptable the use simple float mechanism for 
water-stage recording, and must designed readily installed 
existing conduit with minimum interference the sewage flow. This 
paper deals with measuring flume designed that the flow may pass without 
objectionable ponding stream; which offers obstruction floating 
suspended solids; and which affords opportunity measure the flow from 
continuous record the water-surface elevation single point the 
channel stream from the flume. 

The formulas developed for the flume are not empirical but are based 
entirely theory and can applied conduits any regular size shape. 
Irregular channels would require regulation for short distance stream 
lining some kind. Uniformity shape rather than factors affecting 
friction are important. The method has been developed especially for sewers, 
but equally applicable other channels, irrigation canals, storm drains, ete. 


The symbols introduced this paper are defined follows: 


bottom width. 

subscript denoting critical depth.” 
depth flow. 

“function of.” 

acceleration due gravity. 

Kutter’s coefficient roughness. 

subscript denoting “velocity.” 

area. 

surface width; width water surface. 
Chezy’s coefficient. 

diameter. 

head; velocity head. 


rate flow, discharge. 

hydraulic radius. 

slope; slope conduit, expressed percentage. 

average velocity section. 

“difference AH, difference velocity heads throat 
and conduit. 

energy head; energy head critical depth. 

“function of.” 
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According Bernoulli’s theorem, the energy head each pound water 
conduit the height the water surface above given datum plane, 
plus the velocity head. passing from one section conduit another, 
frictional and other losses are measured the decrease the total energy 
head regardless changes depths and velocities the two places. There- 
fore, measurement the total energy head the logical basis for the develop- 
ment any theory the design Venturi flume the general type 
illustrated Fig. 


Stage 
Recorder 


Manhole 


Throat Wing 


(a) SECTION AT 
CENTER OF THROAT (b) LONGITUDINAL SECTION OF METER IN 24-IN. PIPE 


(c) PLAN OF FLOAT SUPPORT 


Under certain conditions the flow may made simply 
measuring the depth the water flowing conduit regular cross-section 
any convenient point immediately above the throat the measuring flume. 
This only possible when the throat designed cause the water flow 
through depth. For any given quantity water, and size and 
shape conduit, Fig. shows that the energy head has minimum value 
when the water flowing critical depth the throat. For given channel 
this critical depth function the quantity water, and attempts have 
been made use broad-crested weir measuring device 
recording the depth. However, this case, was found impossible 
locate the section critical depth accurately changed position with 
different quantities flow. Near the section critical depth the throat 
the Venturi flume, the depth uncertain, but the energy head fixed; 
therefore, the throat designed cause the water flow critical 
depth the depth the conduit the regular cross-section above will 
the average energy head less the velocity head that point, except for 
frictional losses, which will discussed subsequently. 


**Tests of Broad-Crested Weirs’, by James G. Woodburn, Assoc. M. Am. Soc. C. E., 
Transactions, Am. Soc. E., Vol. (1932), 387. 
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The proposed method measurement best illustrated reference 
Fig. simplicity, consider that rectangular conduit contracted 
the sides only, forming rectangular throat one-half the width the conduit. 


Depth, d, in feet 


Energy Head, € in feet Rate of Flow, Q, in cu ft per sec 
Curve, 

TURI 


For any given quantity water, according Bernoulli’s theorem, 


section; and acceleration due gravity. 


(2) 


rectangular cross-section: 


and, 


which the bottom width channel; and and are the vari- 
ables. Fig. the curves represent Equation (4) for the conduit and 
throat, respectively, being the same both cases. Neglecting frictional 
losses there would loss energy through the Venturi flume, and 
depth, A’, the throat. Theoretically, could determined measuring 
these two depths, and A’. The necessity the past for the two measure- 


rest 
A A 4 
£12 
10 3S 
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ments has been inconvenience the use the Venturi flume. 
feet per second, flowed the critical depth the throat (Point 
its depth the conduit would represented Point which would its 
minimum depth above the throat, because for shallower depths the energy 
force through the throat. 

drawing similar pairs curves for other values rating curve 
showing the relationship between and could drawn, but practice 
this requires unnecessary amount labor. 

For given size and shape throat, the value definite function 
write the inverse case: 


When and are known, the conduit can found trial, and sub- 
tracting this from gives (Fig. 3). 

For rectangular throats, Equation (5) takes simple form which will 
evaluated from the general formula, but for other throat shapes, this becomes 
transcendental function too complicated considered, and easier 
compute few points the curve and prepare the rating curve graphically. 
has been found from practice computing these points that the best pro- 
cedure assume various critical depths the throat and compute and 
the following formulas: 


critical depth, differentiating Equation (2): 


Equating this formula zero, and substituting for its equivalent”, 


Equation (6) becomes: 


and, therefore, 


Equation (8) the accepted formula for the quantity flowing critical 


depth channel any shape. Since substituting the value 


and Bernoulli’s equation becomes, 
(10) 


} 
3 


Depth of Flow, d, in feet 
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rectangular throat which Equation (8) becomes, 


Q=B (11) 
and, 


Substituting the value obtained from Equation (13) 
tion (11): 


which the form taken Equation (5) for rectangular throat. For all 
other shapes necessary use Equations (8) and (10). 

Having drawn the quantity-energy head curve for given throat (see 
Fig. 3), necessary compute and draw the quantity-velocity head curve 
for the conduit section. the conduit circular this may done 
means Fig. which gives for various depths the velocity and velocity head 
for per sec logarithmic scale, and, for other quantities, merely 
adding log graphically. The intersection the velocity abscissa with the 
line falls the ordinate the velocity head. The procedure best 


03 040506 08 10 
Values of F, and Velocity, in ft per sec 


Fic. PIPES WITH WATER FLOWING DEPTHS. 


7.00 
Vv 
0.6 
0.02 
0.15 0.015 NT 
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explained two examples: First, when and, second, when 
For example, let per sec with water flowing 0.55 deep 
30-in. pipe. Set pair dividers the distance from and measure 
this distance the right from the intersection the 30-in. pipe with 
0.55 ft, giving 3.8 per sec. The vertical line for 3.8 inter- 
sects the “guide line” 0.225. the second case let 0.6 
per sec, with water flowing 0.27 deep 36-in. pipe. Set the dividers for 
the distance 1.0 the left 0.6 and measure this distance the left from the 
intersection the 36-in. pipe with the 0.27 horizontal line, finding 
1.86 per sec. The vertical line for 1.86 intersects the guide line 

find the velocity head for any value first assume approximate 
value the velocity head, subtract from the quantity-energy head, and 
note the assumed depth. Enter Fig. with these values and and read 
the velocity head. this differs materially from the assumed value, second 
approximation should made. draw the velocity-head curve obvi- 
ously better begin with small value because the error the assumed 
value the velocity head correspondingly small and one two approxi- 
mations are usually sufficient. will found that only few points are 
required draw the quantity-velocity head curve.. Ordinates the 
quantity-depth curve are merely the differences between the ordinates 
the quantity-energy head curve and the quantity-velocity head curve. This 
quantity-depth curve the required rating curve. 

illustration the method computing rating curve, consider 
Venturi flume with trapezodial throat cross-section Fig. 1(a), in. 
wide the base with side slopes and flat slab base in. above 
the invert 24-in. pipe. measurements are feet and quantities 
feet per second. previously recommended, various critical depths 
will assumed and and computed. this case the formulas for the 
area and water-surface width the throat are: 


and, 


The computations for energy heads are arranged Table comput- 
ing the velocity heads (see Table 2), must remembered that the crest 
the throat 0.25 above the invert; hence, the depth the conduit must 
increased that amount. The velocity head the conduit can 
obtained only trials preferably starting with the smail values 
Table when per sec, the depth the conduit will somewhat 
pipe, Fig. gives 0.03. Assuming 0.03, the depth becomes 0.88 
with resultant value 0.035. This not sufficient change effect 
the result 0.035 can assumed the final value. Since the crest the 


ig 
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throat taken the datum, this 0.035 subtracted from the value 
The velocity heads for other values are found the same way, except 
that after two more have been computed assumed value for the next 
one may obtained extending the curve drawn through the known 


TABLE Curve 


0.2 0.4 0.6 0.8 1.0 

0.22 0.48 0.78 1.12 1.50 

1.2 1.4 1.6 1.8 

0.183 0.343 0.487 0.622 0.777 1.050 

0.53 3.09 7.50 11.00 

0.092 0.172 0.244 0.311 0.389 0.525 

0.292 0.572 0.844 1.111 1.389 1.725 


scale and planimeter (see Fig. 1). 


Table extended value, 11.0. The energy head was regu- 
lar that was extended eye 12, and Table computed this 
limit although subject some suspicion for 11.0. These curves are 
all shown Fig. 


TABLE Curve. 


exponential formula may written for some small sections the 
final rating curve, but not advisable. The such 
formula can appreciated equating the value Equation (2) for 
both the throat and conduit sections; thus, 


Since f(d) not simple function circular pipe, evident that 
the use exponential formula generally inadvisable because the 
many different combinations depending the relative size the pipe 
throat, and the height the crest the throat above the invert. 


which reduces to, 


0.658 0.978 1.225 1.438 1.630 1.812 
0.908 1.23 1.48 1.69 1.88 2.06 
0.03 0.07 0.09 0.14 0.19 0.25 
0.035 0.064 0.100 0.145 0.198 0.256 
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One the chief disadvantages water measurement with weir the 
relatively large and uncertain loss energy. Schoder and show 
how the so-called constant weir subject wide changes depending 
the size and setting. This change the constant can interpreted 
variation the energy loss, and follows that such variations can 
limited the use other devices, the change so-called constants will 
likewise restricted. the case the weir such control difficult and 
times impossible; with Venturi flume may accomplished easily. 

the adaptation the Venturi flume, the writers’ ideas, considerable 
attention was given the design the transitions minimize loss 
energy. the hydraulic design flume transitions found, 
making twenty-nine tests ten flume inlets, that only three had losses 
amounting more than 0.1A number cases measurable loss 
occurred and the average was about 0.04 The 4-ft diameter stand- 
ard sewer manhole limits the length the transition that can built 
readily existing sewer. the sewerage system the Los Angeles 
County Sanitation Districts, ratio three longitudinally one trans- 
versely has been adopted compromise. determine the energy losses 
through Venturi flumes constructed the Districts, differential meter 
acting the principle Pitot meter was devised. This shown Fig. 


25 


Funnel 


Tonnection 
2-Hole Rubber 
Stopper 
Rubber. Rubber £ 
Tube Tube $ 1.0 
0.5 
Glass Tubes 
Pitot Tubes 
~ Firmly Mounted 0 
at Same Elevation == 
Upstream Downstream Energy Head, €, in feet 


METER. 


Two bent tubes are set two points the stream with orifices the same 
elevation and pointing stream, one the throat and one above the inlet 
transition. These two tubes are connected means air tubes mano- 
meter filled with colored water; the displacement the water column the 
manometer after all water blown out the bent tubes measures the differ- 
ence energy head the two points. allow for any compression the 


“The Hydraulic Design Flume and Siphon Transitions”, Julian Hinds, Am. 
Soc. Transactions, Am. Soc. Vol. (1928), 1423. 
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air which might occur the tubes was found advisable blow air into 
each from time time during the test. This was accomplished pouring 
water into the two bottles, forcing air out through the orifice tubes. 
sewage, one the other the orifice tubes may become clogged floating 
matter, throwing the manometer out balance. The manometer resumes its 
balance when the obstruction has been cleared away and little more air 
forced into the tubes. Any type meter which water drawn into the 
tubes will clogged sewage. This simple, head-differential apparatus has 
been found accurate and sensitive. 

Several tests with the differential-energy meter (Fig. integrated over 
the entire cross-section have shown that energy losses greater than 0.005 
any the meter throats thus far installed, and many stage 
recorders are not sensitive such small changes this energy loss practically 
negligible. Should appreciable loss found given installation for 
high velocities can added the quantity-energy head curve. 

sewage measurement, the mean daily flow usually required. This 
may with sufficient accuracy using planimeter water- 
stage record get the mean depth. suspected that there are energy 
losses through the Venturi flume higher flows the differential energy meter 
can used various stages, including the maximum, correct the curve; 
and the flow increasing from year year, the corrections may deter- 
mined beforehand, the maximum flow to-day will the mean flow some 
months some years hence. 

Another possible source error seems that open conduit the 
surface velocity about 25% greater than the mean, which should cause 
the velocity head the surface (where the float installed for measure- 
ments), vary the ratio 56% greater than the mean. 
this condition -existed, 1.56 should subtracted from the quantity- 
energy head instead 1.0 order obtain the proper depth making 
curve. This condition was tested one meter formed placing 
flat slab, in. thick (at the invert), the bottom 54-in. sewer pipe 
without side contractions. the regular pipe channel, the upper end 
the transition section and mid-stream, Pitot tube was turned stream 


TABLE THE MEASURED AND THE THEORETICAL VELOCITY 
Heaps 


Quantity, cubic Calculated velocity, Theoretical head, Measured head, 
feet per second in feet per second in feet in feet 
8.2 2.18 0.074 0.076 
10.25 2.50 0.097 0.096 
17.5 3.15 0.153 0.142 


and then right angles the current. The difference between these two 
measurements was the true velocity head, which, added the measured depth, 
gave the total-energy head. Applying this energy head the previously com- 
puted quantity-energy head curve gave the quantity. taken 
various depths between the center and sides the stream showed substantially 
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the same velocity head all points. Table shows the relation between the 
measured and the theoretical velocity heads mid-stream. results 
indicate that within the accuracy the measurements the velocity head 
the conduit may assumed the mean velocity head. 

investigation the velocity-head correction for hydraulic flow 
O’Brien and indicates that, this case, such correction might 
amount from 10% the velocity head. this less than the limit 
accuracy for stage recorder with float set the main stream may 
neglected. For measurements clear water, using float-well for more 
accurate measurements, should determined experimentally. 

When the velocity above the meter less than per sec the water 
surface usually smooth, but above this velocity waves begin forni, 
probably caused the difference velocity heads the region adjacent 
the sides the conduit. The waves are too small affect the ball-float, 
but would affect very precise measurements made with hook-gauge. Where 
they are usable float wet-wells would obviate this trouble, but sewers the 
floats are affected the accumulation decomposing sludge. 

One question that may raised the effect the energy head dif- 
ferent velocities various points the cross-section the throat. was 
found that the energy head was the same all points transverse plane. 
another check, small floats were dropped simultaneously into the upper 
end the throat pairs, one being near the side and the other nearer 
the center. Every time, both floats reached the lower end together. 
another test string was dropped into the throat transversely the flow 
line and reached the lower end straight. The explanation this phenomenon 
that at, and near, the critical velocity short flume the side friction 
not appreciable factor. 

Efforts were made find®a applied the conduit. 
The flow was determined measuring the energy head the throat with 
Pitot tube. Using this value the measured depth was subtracted from 
the energy head give Hy. Within the accuracy measurements, flows 
10.3 per sec, velocity 2.4 per sec, and 17.5 per 
velocity per sec, the conduit both gave These were 
the largest flows and velocities available. 


VERIFICATION 


the experiments made the Bureau Reclamation,’ wooden 
throat with bottom width and side slopes was installed 
earthen canal with bottom width and similar side slopes. 
The bottom the throat was in. above the base the canal and the down- 
stream apron end the throat sloped downward point in. below the 
elevation the canal base, similar the Parshall meter. The gauge-point 
was placed the upper transition where the bottom width was approximately 


1934, 5 E. Bana J. W. Johnson, Jun. Am. Soc. C. E., Engineering News-Record, Vol. 113, 
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8.72 ft. was placed only 0.4 down stream from the upper end the 
wooden flume section where was certain silt deposit would occur. 
The writers have drawn energy curves for the flume (Fig. the control, 
throat section, the gauge-point, and the main canal for and 25.7 
per sec, respectively. 

Had the gauge-point been moved back into the main canal, the measured 
depth would have been greater about 0.1 the case when 
per sec, but the main argument favor moving stream that the 
drop the water surface indicates convexity, especially increases rapidly 
with the tapering the channel, and the convex water surfaces that 
the relation the water surface energy head not correctly given the 
Bernoulli theorem. Had the gauging-point been placed the regular channel 
above suggested, and the sides and bottom lined for few feet maintain 
uniform cross-section, the stream filaments would have been parallel and 
the flow would have followed more closely the volumetric measure- 
ments. Friction due the longer distance between the point measurement 
and the throat could have been measured means the differential energy- 
head meter (Fig. and the energy head increased this amount. 

With this change the point measurement the recorded tests would 
have shown closer agreement with the calculated rating curve. Since the 
quantity water flowing through this Venturi flume tested the Bureau 
Reclamation was carefully measured volumetrically the data are considered 
most reliable. From the known dimensions quantity-depth rating curve 
was readily constructed the writers using the method previously outlined. 
stated Hinds the difference between the quantities taken from this 
curve for given depths and the actual measurements case exceeded per 
cent. Since the writers have pointed out that greater accuracy could have been 
attained the selection better place for measuring the depths, and 
measurement frictional losses, this test sufficient proof that all forms 
the Venturi flume will give accurate measurements when possible 
measure the depth the conduit regular cross-section immediately above 
the throat and where the throat properly designed insure that the water 
reaches critical depth. 

the absence experimental laboratory the writers have had 
make use active sanitary sewers the development and adaptation the 
Venturi flume designs. Standard weirs were set adjacent manholes, but 
comparative results were poor except where the flow was small comparison 
with the capacity the sewer, since the weir coefficients were uncertain. 
Therefore, these measurements were not considered sufficiently accurate 
verify those obtained from the Venturi flumes. 

The experiments made the Bureau Reclamation, previously 
referred to, were considered positive check the accuracy the method 
outlined herein. Furthermore, field test, comparing measurements 
temporarily installed Venturi flume with permanent Parshall meter (made 
through the co-operation the Cities Los Angeles and Beverly Hills), 
supplied added proof the accuracy the adapted Venturi flume. 
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the point selected for the test elaborate underground structure was 
constructed sewer line which included standard 12-in. Parshall 
meter and indicating and recording register, showing the depth flow 
through the flume and the rate flow, cubic feet per second. Water con- 
tinuously running into the float-well prevented the accumulation sludge 
which otherwise would affect the float results. The wooden throat the 
temporary Venturi flume was installed ordinary standard manhole 
about 1000 above the permanent gauging station, where the grade the 
sewer was 0.70 per cent. The bottom the throat with width in. 
was placed in. above the invert. Although the boards forming the side 
pipe caused them actually placed slope 2.1 

Tin transitions for stream-lining the upper end were attached the 
boards, but could not set exact position due the roughness the chan- 
nel through the manholes. Some caulking had done with oakum. The 
entire apparatus was quickly installed the sewer during the low early 
morning flow and readily withdrawn few hours later when the flow was 
its peak about per sec. The elevation the bottom the 
throat was referred straight-edge placed across the manhole rim 
the street pavement and measurements the water surface above the flume 
were made with steel tape. 

Readings were taken simultaneously the Venturi flume and the Par- 
shall meter, correction time being made between the two stations 
determined passing floats occasionally from one the other. correc- 
tion was also required for the flow entering the sewer from side branch 
point between the two testing stations. Occasional depth measurements 
over V-notch gave this correction with sufficient accuracy. 

Table gives the results tests when the flow was within the capacity 
the Venturi flume. Table 4(a) the average discrepancy between the two 
methods measurement was 4.2%, with probable error 0.4 per cent. 

During the period high flow (8:28 8:58) was found that the 
critical depth the throat exceeded the depth the Venturi flume. These 
results are shown Table 4(b). this second group the discrepancy was 
+0.7%, showing that even when poorly adapted was still compara- 
tively correct. The error the first group could corrected allowing 
head loss 0.25 Hy, subtracting 0.75 instead from the 
energy head. Doubtless the discrepancy could reduced materially care- 
fully installing permanent concrete Venturi flume instead the temporary 
wooden one which was used. Any obstruction placed this sewer laid 
slope greater than the critical causes the water jump immediately the 
conjugate depth the energy-head curve (Fig. and unless allowance 
made for this effect, the capacity the sewer would curtailed seriously. 
Therefore, was necessary use large throat with consequent rather 
high velocity approach. has been found that the slower the velocity 
approach the greater the accuracy. This limited the capacity the 
conduit and the possibility forming deposits the approach channel which 
would affect the rating curve. 
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TABLE MEASUREMENTS WITH VENTURI FLUME 


AQ= Ratio: 
Side tio: 
Time Parshall, inflow, Column (6) 
(1) (2) (3) (4) (5) (6) (7) (8) 
(cz) Fmst Group 
5:57 |} 0.545 1.45 1.57 0.14 1.43 —0.02 0.98 
6:01 0.545 1.45 1.57 0.14 1.43 —0.02 0.98 
1.50 0.14 1.36 cost”) 
6:06 0.495 1.22 toes thle 1.23 +0.01 1.01 
6:08 0.485 1.18 inde ates 1.12 —0.06 0.95 
6:10 0.465 1.11 1.06 —0.05 0.95 
6:13 0.443 1.04 ads ables 1.02 —0.02 0.98 
6:15 0.443 1.04 0.99 —0.05 0.95 
6:18 0.443 1.04 ates sone 0.96 —0.08 0.92 
6:22 0.433 0.98 1.07 0.12 0.95 —0.03 0.97 
6:27 0.437 1.00 1.05 0.12 0.93 —0.07 0.93 
6:31 0.433 0.98 aoe cane 0.92 —0.06 0.94 
6:37 0.453 1.06 1.09 0.13 0.96 —-0.10 0.91 
6:42 0.516 1.31 1.39 0.13 1.26 0.96 
6:50 0.558 1.50 1.41 —0.09 0.94 
7:23 0.730 2.43 2.47 0.16 2.31 —0.12 0.95 
7:26 0.745 2.53 ay snes 2.48 —0.05 0.98 
7.28 0.790 2.78 2.58 —0.20 0.93 
7:31 0.813 2.91 2.77 —-0.14 0.95 
7:34 0.830 3.00 2.95 —0.05 0.98 
7:35 0.850 3.13 3.02 -0.11 0.97 
7:37 0.870 3.28 3.17 -—0.11 0.97 
7:39 0.910 3.56 3.31 —0.25 0.93 
7:41 0.953 3.86 3.54 —0.32 0.92 
7:52 0.985 4.12 3.89 —0.23 0.94 
7.55 0.975 4.02 aor ots 4.08 +0.06 1.02 
7:58 1.015 4.37 4.40 0.19 4.21 —0.16 0.96 
8:03 1.015 4.37 deme oe 4.31 —0.06 0.99 
(6) Seconp Group 
8:28 1.057 4.75 5.33 0.20 5.13 +0.38 1.08 
8:32 1.067 4.87 yee aes 5.26 +0.39 1.08 
8:33 1.077 4.97 5.50 0.21 5.29 +0.32 1.06 
8.40 1.083 5.00 5.51 +0.51 1.10 
8:44 1.120 5.35 5.59 +0.24 1.04 
8:50 1.120 5.35 5.61 +0.26 1.05 
8:56 1.135 5.50 ses thas 5.65 +0.15 1.03 
8:58 1.140 5.55 5.92 0.21 5.71 +0.16 1.03 


(Flow feet per second.) 


Meter. 
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FLUME 


The proper design Venturi flume requires that parallel flow occur 
the above the flume and the throat. The necessary critical 
obtained only when drop the energy head occurs just below 
the throat. smali jump the water surface this point (see Fig. 
positive evidence that critical velocity occurring. addition, the 
throat section must have sufficient length the water not flowing 
parallel filaments the point critical depth. The first meter stations 
installed the Sanitation Districts Los Angeles (Calif.) County had 
short throats which gave good results only the small flows. Lengthening 
the throat insured parallel flow through more the length, and tests 
with Pitot tube showed apparent change energy head except the 
ends. Data are lacking formulate rule the proper length, but experi- 
ence indicates that the throat should least long the diameter 
the pipe. comparison flow through two Venturi flumes consecutive 
manholes, with 36-in. and 6-in. throat lengths, respectively, showed ratio 
1.0 0.8, the longer throat indicating the larger flow. 

The important features the Venturi flume are its adaptation stream- 
flow measurement all shapes conduits not flowing under pressure and 
its ready installation lines which access much restricted. The device 
always installed existing line and often without serious interrup- 
tion the flow. 

The size the flume throat depends upon the size and grade the con- 
duit and the range flow desired measure. The ideal flume throat 
would have such size and shape that the ratio the cross-section the 
water the throat that the conduit would the same for all quantities; 
but such throat would impossible design and build because the ratio 
the critical depth the depth the conduit not constant. 

For flow that only small percentage the designed capacity 
conduit, throat, V-shaped, narrow the bottom, with sloping sides, 
satisfactory. However, such side walls are difficult hold place. rec- 
tangular narrow throat may contract the flow much give inadequate 
capacities for larger flows. 

For circular pipes has generally been found advisable install bottom 
slab addition the two sides, feature which helps support the side 
walls. The slab acts broad-crested weir when flows are only small 
percentage the designed capacity. Since thin bottom slab properly 
stream-lined approach transitions causes deposition solids except 
possibly the very lowest velocities, such slab recommended, especially 
the lighter grades, offset any possible chance back-water from 
unforeseen obstruction below that might otherwise prevent critical velocity 
from being attained. general, the flatter the slope, the more necessary 
this precaution and the greater the slab thickness needed. 

throat rectangular cross-section with proper transitions may adapt- 
able some cases, the instance semi-elliptical section, rec- 
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tangular-shaped conduit, where its use recommended. Lack accuracy 
very low flows and inability always pass the full design capacity, how- 
ever, are restricting limitations its general use. 

Where large flow either rectangular circular-shaped conduits pre- 
vents the placing forms for building the side walls, simple device 
create critical velocity consists placing the invert pre-cast flat slab 
with transitions. Deposition can only occur above this type extremely low 
velocities. similar cases involving large flows critical velocity may 
produced simply inserting vertical side walls with the proper 

The important factor the construction and installation any form 
Venturi device that constriction some sort placed the channel 
produce critical velocity with the least loss energy, and that the shape, 
size, and dimensions the device are important only far they meet 
the specific problem hand practical manner. 

The correct size and shape throat for use given conduit that one 
for which the energy head greater than the normal energy head the 
free flowing conduit all values and with bottom slab thin enough 
prevent deposition sludge low flow. practical method making this 
selection first prepare quantity-energy head curves for several sizes 
Venturi flume throats (Fig. tracing cloth. Table can used for 


15 


Depth, feet 


Rate of Flow, Q,in cu ft per sec Rate of Flow, Q, in cu ft per sec 


constructing these curves for trapezoidal throats having side slopes 
Next, the same scale, but separate piece paper, quantity-energy 
head curve drawn for the conduit under consideration, assuming unob- 
structed flow. Any formula for flow open channels may used for first 
constructing quantity-depth curve, but the following procedure suggested. 
expresses the Chezy formula, follows, 


which, 


3.0 
| | | | 3. 
2.0 | | Energy Head | oe 
1.0 sents the Energy 
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Computing function the depth pipe rather tedious. Values 
are shown for several pipe sizes Fig. which has been computed for 


cubic cubic 
feet per feet per 


second 


0.2 1.820 1.719 1.623 1.388 
1.0 0.342 2.149 2.041 1.9 1.679 
3.0 0.897 0.829 0.680 18.0 2.558 2.428 2.315 2.205 1.930 


merely necessary add one-half the logarithm the slope (expressed 
percentage) the quantity for any depth the pipe. Velocity 
heads are obtained from Fig. the manner previously described. Adding 
these velocity heads the depths shown the quantity-depth curve gives 
the quantity-energy head curve. Fig. shows typical diagram. 

Referring Fig. the capacity, pipe given Equation (20) 


given depth; and Chezy’s coefficient. The curves are drawn for slope. 
For values less than the flow for any depth will the left 
the curve and for more than the right. find the value 
measure from the slope guide the right 10-line for and the left 
for per cent. For example: Let 0.25%; 8-in. pipe; and, 
0.1 per sec. this case per cent. Set the dividers for the 
distance between the inclined slope line percentage line and the right 
the diagram 0.25. Transfer this distance the 0.1- 
line, measuring the right and intersect the 8-in. curve 0.20 ft. 
given million gallons daily, set the dividers for the distance between 
the inclined line and the million-gallon-daily guide line the extreme right. 

per sec. this case per cent. Set the dividers the distance 
from the inclined slope line the 0.1-line the left 2.25. Transfer 
this distance the 15-line, measuring the left and intersect the 

superimposing the quantity-energy head curves for the throat upon 
that for the pipe and then moving the throat tracing down, possible 
decide quickly which throat size should used and how high should 
set above the invert. The difference the two energy heads shows the 
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loss caused the Venturi flume for all quantities. Fig. shows typical 
quantity-energy head curves for both trapezoidal and rectangular throat 
superimposed upon quantity-energy head curve for 33-in. circular pipe, 


3.0 


Maximum Capacity 


t 
> 
& 
> 
2 
< 
~ 
= 
i=) 


15 20 
Rate of Flow, Q, in cu ft per sec 


ENERGY HEAD TRAPEZOIDAL AND RECTANGULAR FLUMES. 


and easily seen that the trapezoidal section can used meter for 
flows great per sec and that per sec, which the 
maximum capacity the pipe (there being loss energy through 
the flume), the carrying capacity the pipe not curtailed. The quantity- 
energy head curve the rectangular flume (Fig. 10) being always above 
the energy head for the pipe, shows loss energy through the flume maxi- 
mum designed capacity. This type Venturi flume would interfere with 
the use the sewer full capacity. more accurate compute the rat- 
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ing quantity-depth curve from actual measurements the flume con- 
structed than base upon the design curves. Figs and are for use 
with circular pipes, but similar curves may computed for conduits any 
shape. 

For permanent installation sewers the Los Angeles County Sanitation 
Districts the Venturi flumes were readily constructed concrete directly 
the sewer manhole without interruption sewage flow. layout sketch the 
meter was prepared for single installation circular pipe and, using 
the plan pattern, forms for other sizes were obtained proportion. When 
possible the entire form for the flume was assembled the sewer manhole 
invert and concrete was poured into the forms from one side until the bottom 
slab was filled order assure complete displacement the sewage. Use 
fast-setting cement had distinct advantages such installations. 

Placing the center the throat about the lower side manhole gave 
proper space for installing the stage-recorder float near the upper side 
point where the flow the pipe was uniform. The float consists 8-in. 
copper ball fastened 2-ft length pipe, hinged loosely stream 
pipe framework (see Fig. 1). The latter attached the top 
plank placed cross-wise the sewer and supported the shelves the man- 
hole. Without some such apparatus hold the ball, tends float down 
stream and disturb the record. The stage recorder suspended spe- 
cially built steel seat immediately under the manhole cover where readily 
accessible. Repeated checks indicated stage records against actual meas- 
ured depths show appreciable error during the daily range velocities. 
Braided, insulated, copper wire connects the float the recorder. Consider- 
able difficulty was experienced keeping the stage recorder clocks running 
for week time the damp, gas-laden, sewer air, but the purchase 
sealed clocks has practically solved this problem. 
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DISCUSSION 


reported the authors are interesting confirming the formulas. 
ally interesting are the experiments showing that the velocity uniform 
throughout the cross-section the flume such comparatively low 

would seem the theory could have been set forth more 
simple manner. The velocity increases with the drop the surface from 
the back-water the flume, whereas the area the cross-section decreases 
with the drop. The quantity the product the area and the velocity. 
there drop, there would velocity and quantity; and, the drop 
maximum, there would area and quantity. some point, 
the product the velocity and the area maximum. 

For example, addition the notation the paper, let the pitch 
the sides the flume; the elevation the back-water above the 
bottom the flume plus the velocity 


head back-water, minus the friction 
loss entering the flume; the 

velocity head the flume; the depth 


the flume and the area the water section the flume. 


and for maximum value 


Equation (24), the quantity parenthesis equals zero, and, conse- 


For rectangular flume, and Equation (25) becomes 
and Equation (23) becomes: 


and Min. Engr. (Harrop Hopkins), Pittsburgh, Pa. 
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For V-shaped flume, which Equation (25) is: 


and, Equation (28) is, 


becomes: 


and Equation (22) becomes: 


Substitute the value found Equation (29) Equation (30) 
find and Equation (28) find approximate expression for 
the flow is: 


becomes: 
Equation (22) becomes: 
(33) 
and Equation (23) becomes: 


For circular flume (or, fact, for flume any cross-section), 
sufficiently exact assume that, 


Hunter (by far the subject-matter speci- 
fied the title this paper concerned, the writer must commend the 
authors for their able solution practical hydraulic problem. The fact 
not disputed that any appropriate measuring device may expected 
yield satisfactory results once its rating curve has been determined directly 
indirectly volumetric measurement. the authors were fully 


Inst. Pasadena, Calif. Mr. Rouse was elected Assoc. 
Am. Soc. E., January 13, 


0 
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justified choosing measuring device which eliminated every possible 
objectionable feature, adapting the needs the situation, and then 
rating place through comparison with device known characteristics. 
view the accuracy required (an allowable error perhaps 5%, more), 
was not amiss apply certain empirical checks upon the characteristics 
flow encountered, and express the flow equations simplified form through 
several common approximations, 

Approximate methods, however, are truly justifiable only the investigator 
realizes the fact that the assumptions made not fully describe the actual 
state flow. When the authors claim that their paper “presents the theoreti- 
hydraulic principles involved” the performance the Venturi flume, 
the writer believes that certain supplementary remarks have definite place 
this discussion. For although the authors state that “the formulas devel- 
oped for the flume are not empirical but are based entirely theory”, the 
analysis flow which they have presented really only the first page 
long and complex story. 


q = Constant 


Energy Line 


Length Scale Greatly Reduced 


12. 


The specific energy diagram used the authors applies correctly only 
flow long open channels which the gradual change surface profile 
entirely the result energy loss, and not horizontal vertical contraction 
the flow section. Thus, Fig. shown the surface curve long 
channel mild slope ending abrupt fall, the specific energy flow, 
and hence, also, the depth flow, decreasing the direction motion; 
the specific energy must reach minimum value, for the given rate dis- 
charge, the vicinity the fall, which region the depth equal the 
critical. must remembered that such energy diagram constructed 
the assumption that the flow every section nearly parallel that 
accelerative forces can ignored; that is, the pressure distribution con- 


sidered static throughout, that the sum pressure head, and 
elevation, must always equal the depth flow. The vertical distance 


the energy line and the free surface must then equal the velocity 
ead. 
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The authors’ equations for flow through the Venturi flume, however, are 
practically identical with those used the customary treatment the broad- 
crested weir, which the change 

Energy Line surface profile entirely the 

result contraction the flow 
section (see Fig. 13). Not only 
the flow assumed parallel 
throughout, but the further as- 
sumption made that energy 
loss oceurs. Hence, instead 
the energy diagram, re- 
course must taken the dis- 
charge curve, which considers the 
discharge per unit width 
tion the depth for given energy line elevation. the case two- 


Y (« —d) = Constant 


18. 


2 
dimensional motion over the broad-crested weir, since the unit 
discharge may then expressed as: 


Taking the derivative with respect 


(37) 


Obviously, the critical depth, derived this method must identical 
with that used the authors, although the original premises are quite 
different. 

From Equation (36) apparent that must zero when and 
when and will attain its maximum value when Two such 
are plotted Fig. 13, the water surface over the entire length 
the weir coinciding with the point maximum discharge the smaller 
q-curve. For any other depth flow the rate discharge must less than 
the maximum the corresponding shown the region 
approach. 

stated the authors, single measurement depth the throat 
should suffice for the determination the discharge under these conditions, 
according Equation (37). also pointed out the authors, definite 
relationship must exist between the critical depth and the depth approach, 
that once this relationship known single measurement the latter 
depth would also sufficient. 


2e—3d 
and setting this equal zero 


ROUSE VENTURI FLUMES AND FLOW MEASUREMENTS 1221 


slightly different use may made the discharge curve procedure 
that more directly applicable the Venturi flume. suggested the 
writer Bakhmeteff, Am. Soc. E., the surface curve for flow 
either converging diverging channels may approximated the fol- 
lowing manner: Again assuming parallel flow constant specific energy 
over horizontal floor (the velocity then being normal all points horizon- 
tal concentric ares circles), the depth flow any section may 
expressed terms the radius, horizontal distance, from the fixed 
center, the total head, and the rate discharge per unit width, the 
angle convergence divergence the vertical walls designated 
from the law continuity the total discharge will be: 


Introducing the discharge per unit width the critical section (where 
must again maximum): 


Since, 


and the critical section, 


Substituting Equations (41) and (42) Equation (39): 


Equation (43) thus dimensionless relationship between the ratio 
depth total head and either the ratio the critical radius the radius 
any section the ratio the unit discharge any section the critical 
unit discharge. This equation will yield the and the two surface 
curves shown Fig. 14. will noted that the region between 
and flow can occur under the assumed conditions, this region 
being known hydrodynamics “singular” zone which does not belong 
the region which the function continuous. 

These relationships may applied the Venturi flume having vertical 
side contractions assuming, the case the broad-crested weir, that 
the critical depth oceurs over the entire parallel section the throat. Choosing 
arbitrarily the throat proportions shown Fig. 15, this method would yield 
the profile given the illustration. clear, noted the authors, 
that the hydraulic jump may form any section beyond the throat, the 
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tail-water level raised, for this region the flow the rapid state. 
Thus, the Froude number, identical with Bakhmeteff’s flow factor, 
will be: 


72 


Values of & 


10 08 06 04 02 
r 


Values of 


Fic. 14. 


The characteristics the jump any section will then depend upon the 
magnitude and that section; course, must have value greater 


than unity before the jump can form. The curve against also shown 


Fig. 14. 


Throat — 


6 = 6 


Tranquil Flow Rapid Flow 
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should apparent that single measurement the depth the 
approach channel would suffice determine the rate discharge, the rela- 
tionship between the depth this point and the magnitude being given 
Equation (43). Although this method has been applied only straight 
contractions the horizontal plane, slight modification would permit 
simultaneous treatment the vertical contraction the lower boundary and 
even study any curvature the converging and diverging boundaries. 
presumed, however, that the foregoing example will suffice illustrate 
the point question. 

Although this procedure fully justifiable the customary elementary 
treatment flow over the broad-crested weir, the resulting picture flow 
the throat region is, say the least, quite hypothetical. Actually, neither 
the two basic assumptions made completely fulfilled the case either 
weir flume, and two major errors are thereby introduced this elementary 
line attack: 


1—The energy line not horizontal, but slopes rate which varies 
with the discharge through given flume over given weir. any given 
discharge, the longer the meter the greater will the discrepancy total 
head between the channel approach and the critical region. Since the 
energy line slopes, there can really critical “region” but only critical 
section; and according the energy diagram, which must now used 
addition the q-curve, this critical section should near the end the 
parallel throat horizontal crest. 

flow not even approximately parallel the contracted section 
short, and hence the calculations based upon assumed static pressure dis- 
tribution cannot correct. The shorter the contraction the greater will 
the error introduced this assumption. parallel flow does not exist, 
surely the expression for critical depth based this assumption cannot 
apply. Thus, the authors’ statement that the sharp-crested weir “control 
section through which water flows critical depth” fallacy, since the 
sharp-crested weir the shortest possible contraction one can imagine and 
hence involves extreme degree departure from the basic assumption 
parallel flow. 

order clarify the error introduced this assumption, consider the 
region the fall shown distorted scale Fig. 12. the length scale 
given its correct proportion the vertical scale, the profile flow will 
that shown Fig. 16. the flow approaches the abrupt drop, vertical 
acceleration will begin, and will deflected the downward 
direction. Since curvature the filaments requires the action centripetal 
forces, the pressure will longer statically distributed, and the pressure 
head will less than the depth below the free surface amount depend- 
ing upon the elevation and curvature the filaments. Although the computed 
critical depth for parallel flow may still found some distance stream 
from the fall distance varying with the unit discharge, with the slope 
and roughness the channel, and with the degree ventilation the space 


r 
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below the nappe), the fact that the energy line still slopes signifies that the 
true critical section—that is, that minimum energy—exists the fal] 
itself, where the flow highly curvilinear. Unfortunately, the treatment 
critical flow under conditions non-static pressure distribution has not 
yet been mastered the hydraulician. 


Energy Line 


16. 


The situation the free over-fall closely parallel with that the end 
broad-crested weir and also indication what may expected 


the Venturi flume. Furthermore, the convergence the boundaries 
between the channel approach and the contracted section itself introduces 
another region curvilinear flow which means can neglected. 
the meter short these two transition regions partly overlap that 
point throughout the contraction can parallel flow assumed exist. 
the meter long, reaction waves are likely occur over the entire length 
the contracted section, thereby introducing further curvature the 
filaments. 

These two basic fallacies the customary elementary presentation thus 
present combination difficulties which can ignored only approxi- 
mate analysis, for almost impossible devise meter which, for 
large discharge range, will both short enough make the energy loss 
inappreciable and long enough insure nearly parallel flow some definite 
section the contraction. Not only will the true relationship between the 
actual depth approach and the theoretical critical depth have deter- 
mined laboratory field calibration, but the critical section for parallel 
flow—if exists all—will shift position along the crest throat with 
change discharge. 

The actual surface profile meter similar that shown Fig. 
may approximated sketching eye smooth reverse curve connect- 
ing the two computed portions, shown. Obviously, one profile can 
established which will hold for every discharge, for the section which this 
surface line intersects the line critical depth for parallel flow will move 
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one direction the other the discharge varies. Its form will depend 
upon the proportions the meter and upon the slope the energy line, each 
which geometrical relation- 
ships must considered 
change with the depth the 
approaching flow. 

actual energy distribution 
the throat the meter, refer- 
ence made Fig. 17, 
which assumed, for the 
time being, that the total head 
the same all depths 
flow. Although the depth 
this section happens ex- 
actly equal the computed 
critical depth, this really has 
significance whatsoever, since 
the pressure distribution not 
static; the contrary, the 


_ Energy Line L 


Critical Section 


Surface Curve ford = 


pressure head, any Fic. 17. 


elevation, above the floor, considerably less than the distance, 
below the free surface, result the vertical acceleration the fluid 
particles this section. Although the average velocity flow found 


the Bernoulli theorem, the latter may written properly only terms 
the velocity vector, any point and not its component, vz, the direc- 
tion flow; thus the true velocity head any elevation, for the conditions 
shown, everywhere greater than the assumed mean value, with the sole 
exception the point the water surface itself. general, may said 


that curvilinear flow both will vary with that the correct 
form the Bernoulli theorem must the following: 


the foregoing discrepancies the assumptions traditionally made 
dealing with such basic types flow, there must added further errors 
arising from variation total head from floor surface; from additional 
curvature due vertical well horizontal contraction; from separation 
(change actual flow section) and eddy formation due abrupt inlet and 
excessive angle divergence; and, finally, from partial drowning the 
throat because back-water. many these difficulties could 
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avoided through the use carefully constructed flume, attempts produce 
“critical-depth” meter this kind with constant theoretical coefficient 
under all passable discharges are quite futile; meter this type will yield 
flow that dynamically similar under different heads, for the geometrical 
relationship the meter profile, water surface, and energy line cannot 
remain constant with changing depth. 

When attempt made analyze the physical state flow, under- 
taken the authors, impossible remain content with approximate 
methods; furthermore, not all justifiable claim theoretical complete- 
ness when has not been attained. the essential accuracy the authors’ 
experimental work indicated their practice measuring static pressure 
closely enough simply turning Pitot tube sidewise, obvious that 
further refinement quite needless; but hydraulicians intend use the 
Venturi flume the future for more fundamental research, hoped 
that they will not follow blindly such approximate and empirical paths. 

One must not conclude from these pages that the simple methods 
attack are without value. the contrary, the full significance the 
elementary facts contained this discussion were more fully realized, 
the number would not have appeared hydraulic literature 
Venturi flumes, nor would much the search for true critical depth meter 
have been undertaken. 


Dr. Inc. (by letter)—In comparison with other 
measuring devices, such weirs, for example, the investigation the Ven- 
turi flume meter extends over only short period about twenty years. This 
paper, therefore, further contribution the subject. cer- 
tainly merits the careful study hydraulic engineers who are confronted 
problems relating the measurement large quantities fluid flow. 

The writer has been engaged for several years investigating and 
designing Venturi flume meters and would like offer the following com- 
ments. connection with Equation (14), for free discharging Venturi 
flume with rectangular throat, reference should have been made the 
investigations Mr. Jameson. 1925, Jameson” published equations 
relating throat sections different shapes; that is, rectangle, triangle, 
parabola, and trapezium. Definite progress was made 
paper published 1930, but this work does not seem have become generally 
known. The equations developed make possible determine the dimen- 
sions Venturi flume rectangular section direct method, which 
seems much simpler than solve Equation (14) graphically. Particu- 
larly the case rectangular section both the throat the flume and 
the channel, the Jameson method for obtaining the various dimensions 
straightforward that the only one recommended. 

Possibly the accuracy obtained the authors with their method 
bration would have been greater had they been able conduct the tests 
the Venturi flume hydraulic laboratory. The results they obtained 


17 Wembley, Middlesex, England. 

“The Venturi Flume and the Effect Contractions Open Channels”, 
Jameson, Transactions, Inst. of Water Engrs., Vol. 30 (1925). 

Development the Venturi Flume”, Jameson, Water and Water 
Engineering, Vol. (1930), pp. 105 107. 
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comparing their flume with the Parshall meter are not very convincing, 
accuracy the order would appear rather unsatisfactory. 

the writer’s knowledge, the Parshall meter has not been tested 
hydraulic laboratory and, therefore, its discharge coefficient not known with 
accuracy. The discharge coefficients the Parshall meter and the 
design Messrs. Palmer and Bowlus may have quite different characteristics 
and seems rather doubtful method, therefore, calibrate one Venturi 
flume meter against another. The only reliable method calibration would 
appear either weighing the determination water-volume 
passing through the flume measured time. 

further point which does not seem very satisfactory that the calibra- 
tion only covered range Q-values equal about whereas range 


(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 


2 


37.171 39.44 31.27 31.30 9.17 0.9433 —0.52 0.9676 0.203 0.153 
30.764 34.65 27.19 13.30 9.18 0.9468 0.9638 0.194 0.154 
24.205 29.49 22.91 31.30 9.19 0.9482 0.9648 0.185 0.154 
13.365 19.76 31.30 9.21 0.9516 +0.36 0.9690 0.165 0.155 
13.344 19.77 14.81 31.30 9.21 0.9495 +0.14 0.9668 0.164 0.155 
13.344 19.77 14.79 31.30 9.21 0.9495 +0.14 0.9668 0.164 0.155 
13.232 19.69 14.77 31.25 0.9512 +0.32 0.9687 0.164 0.155 
13.111 19.57 14.69 31.25 9.17 0.9517 +0.37 0.9686 0.164 0.155 
8.446 14.58 31.30 9.26 0.9445 —0.39 0.9611 0.152 0.155 
4.471 9.49 6.67 31.05 9.28 0.9486 +0.04 0.9665 0.141 0.157 


51.897 31.96 31.20 16.6 0.9526 —0.50 0.363 0.294 
49.538 31.12 24.45 31.20 16.6 0.9469 —1.10 1.0081 0.358 0.293 
46.88 29.82 31.2 16.6 0.9547 —0.28 1.0171 0.356 0.294 
39.885 26.78 20.61 31.20 16.6 0.9542 —0.33 1.0169 0.344 0.294 
35.369 24.64 18.91 31.20 16.6 0.9553 —0.22 0.336 0.295 
25.181 19.63 31.10 16.6 0.9585 +0.12 1.0231 0.317 0.297 
16.407 14.67 10.65 31.10 16.6 0.9657 +0.87 0.296 0.300 
8.732 31.00 16.6 0.9584 +0.10 1.022 0.270 0.298 
8.732 9.69 31.00 16.6 0.9584 +0.10 0.270 0.298 


100 liters per sec 3.54 per sec. 0.3937 in. 
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the opinion the writer that the Venturi flume meter, correctly 
designed, one the most accurate measuring devices, and that has 
great advantage comparison with the weir method. 

Table contains some test results Venturi flume meters obtained dur- 
ing previous the hydraulic laboratory the City and Guilds 
(Engineering) College, London, England, 1932. Both the Venturi flumes 
were installed rectangular channel and had rectangular throat section. 
The discharge equations used were: 


and, 


which the product and the velocity-of-approach factor. 
Further data may obtained from the previous publications the 
the subject. For the flume with width ratio 0.294 (Table 6(a)), the 
average coefficient discharge 0.9482 (see Column (6)). The rate flow 
that there only one test for which the discharge more than 
0.5% from the average. All the other test results are within the limits 
0.5 per cent. For width ratio 0.533, the test results which 
are given Table 6(b), there are only two test points outside the limit 
whereas the total were within the limits 0.5%, the 
average coefficient being 0.9574. Seldom under actual working conditions 
could accuracy like this obtained, but one can assume that the accuracy 
Venturi flume meter rectangular channel and using dimensions similar 
those used the writer’s investigations, would the order 
per cent. 

The section entitled “Energy Losses”, seems rather misleading. The prob- 
lem treated only refers the dissipation energy the convergent entrance 
section and the authors’ conclusion that there practically dissipation 
energy—a point which evident from previous research. The more impor- 
tant point regarding the head losses due the Venturi flume was totally 
neglected the authors, whereas this the greatest practical value. 

designing Venturi flume meters, absolutely necessary ascertain 
whether free discharge conditions prevail for certain down-stream conditions. 
There minimum head loss for which the flume will discharge without 
banking the up-stream level for given rate flow. For Venturi flume 
with width ratio 0.533, the writer found that channel with hori- 
zontal bottom, was possible increase the down-stream depth without 
changing the state free discharge, level corresponding 92% the 
up-stream depth. flume width ratio 0.294, however, the down- 


20“Non-Uniform Flow of Water: Problems and Phenomena in Open Channels with 
Side Contractions”. Engel, The Engineer, Vol. 155 (1933), pp. 392 394, 
429-430, and 

Venturi Flume”, Engel, The Engineer, Vol. 158 (1934), pp. 104 
107 and 131 133. 
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stream depth was between 74% and 90% the up-stream depth for the limit 
free discharge conditions. 

order determine head losses, the writer has developed certain cri- 
terion based the Boussinesq The critical Boussinesq number 
determines the head loss, which may about 8%, value between 
and per cent. The critical Boussinesq number for the second flume 
0.358, and from this will seen that only for Test No. (Table 
will the head loss greater than per cent. the case the flume with 
the narrow throat, the critical Boussinesq number 0.147 and from Column 
(9), Table 6(a), evident that all cases, except the last line, the head 
losses will greater than per cent. 

The critical Froude number determines whether the flume discharging 
freely, and the test results are quite accordance with the critical numbers 
obtained calculation. The critical Froude number for the flume with the 
width ratio 0.294 0.154, referred the up-stream section, whereas for 
the second flume, the critical Froude number 0.296. The last columns 
Table show also characterizing feature both the Froude and Boussinesq 
numbers, namely constant value the Froude number and comparatively 
large variation the Boussinesq number. 

tion the use critical flow for measuring the discharge conduits 
demonstrated this paper. critical flow can produced conduit 
any kind constriction whatever, the depth above that constriction immedi- 
ately becomes stable index discharge. 

Caution must observed, however, designing the control that 
not submerged for the range discharges that may obtain. the 
tail-water level more than about 65% that the head-water over 
the crest the control, the head-water rises with the tail-water and loses its 
stability index flow. Two depths must then observed and dis- 
charge determination from them becomes more complex and uncertain. 
Recorders with totalizing equipment also lose their efficacy this point 
submergence. 

conduits the writer has used “hump” control the bed 
the conduit produce critical flow over it. The flow readily computed 
from the criterion that for critical flow the velocity head equals one-half the 
mean depth. This applies any shape conduit whatever long width 
continuous function the depth. 

Fig. shows the type control used circular conduit, which 
believed have some advantages over the trapezoidal control used the 
authors and certainly involves less energy losses. readily constructed 
concrete without forms; may even pre-cast and placed while the conduit 
service. Fig. also shows the rating curves for five heights the con- 


Die messtechnischen Eigenschaften Abhaengigkeit von den 


Stroemungsarten”, 


Hydr. Engr. (Stevens Koon), Portland, Ore. 
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trol section. Discharges are given for depths the conduit just above the 


control and both depths and discharges are terms the inside diameter 
the pipe. 


1-in. Pipe, 10 in. Long, Threaded 
1-in. Lock Nut 


Recorder 


Depth above Control (Multiply by D) 


ELEVATION 
on Center Line 
Set Screws with 


Pipe with 
Plugs for Pivots 
SECTION A-A 
Discharge in Cubic Feet per Second (Multiply by bt ) 


18. 19. 


Table sample the computations for one the curves, assuming 
equal unity. obtain corresponding values for any other diameter, the 
tabular values are multiplied the function the diameter indicated 


to be on Center Line 
os /| i 
/ 1}in. Pipe 
Water Level A 
{= 
0.1) 0.4 0.6 | 0.492 | 0.095 | 0.980 | 0.007 | 0.098 | 1.77 | 0.168 | 0.448 | 0.341 0 40 | 0.008 0.44 
0.2] 0.5 0.5 | 0.393 | 0.194 | 1.000 | 0.194 | 0.097 | 2.50 | 0.485 | 0.597 | 0.489 1.01 | 0.016 | 0.58 
0.3} 0.6 0.4 | 0.293 | 0.204 | 0.980 | 0.300 |,0.150 | 3.11 | 0.914 | 0.750 | 0.632 | 1.45 | 0.032 | 0.72 
0.4) 0.7 0.3 | 0.198 | 0.389 | 0.916 | 0.425 | 0.212 | 3.70 | 1.439 | 0.912 | 0.752 | 1.91 | 0.057 | 0.86 
0.5] 0.8 0.2 | 0.112 | 0.475 | 0.800 | 0.594 | 0.297 | 4.37 | 2.075 | 1.097 | 0.785 3.64 | 0.100 0.99 
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the head each column. table areas and chord lengths circular 
segments all that required. Supplementing the notation used the 
authors, let maximum height the control “hump”; area the con- 
with rise depths critical depth; ym, mean depth, 
area corresponding depths, top width water surface chord 
segment with rise yc; velocity head for critical flow, 
energy head above the pipe invert; and area above the control 
corresponding energy head, All symbols are expressed terms the 
pipe diameter, 

The depth, (see Fig. 18), obtained deducting the velocity head 
this point from the energy head. The trial method used the authors can 
eliminated dividing the discharge the area corresponding the 
energy head, obtain the pipe velocity, This shown the last four 
columns Table The error involved from assuming energy loss 
from and that from using the area corresponding the energy 
head, tend compensate each other. 

The method computing the rating curve directly illustrated Table 
equally effective for the trapezoidal control described the authors. 

large sewers which only the sanitary flow measured, 
manholes over smaller ones, the equipment illustrated Fig. has been 
used very effectively. Two screw struts are held the sewer expanding 
them against the sides the pipe the manhole. One strut carries small 
platform which the recorder mounted. The other supports adjustable 
pivot from which trails float that can adjusted both stream and down 
stream and laterally until properly adjusted connect with the style 
the recorder. 

scow-shaped float with rudder was found have decided advantages 
over other types. One advantage this equipment the ease with which 
can moved from place place. 


Pror. Inc. (by sole purpose this dis- 
cussion suggest variation the authors’ method calculating 
discharge for the given case, which little different from that 
the paper and, possibly, slightly more practical. 

Equations (8) and (10) the paper apply the throat section, the 
water assumed flow critical velocity. For the section the channel 
above the throat Equation (2) applies, which and have the same values 
the throat, and and are the depth water and the area the wetted 
section the channel, respectively. 

The method the Venturi flume which the authors propose 
follows: Taking value for the values and are calculated for 
the throat, and the values and are then obtained from Equations (8) 
and (10). Then, from Equation (2), substituting these values and 
can obtained trial, taking account the relations between and 


Rome, Cattedra Costruzioni Idrauliche, Facolta d’Ingegneria, Univ. Roma, 
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will usually necessary study throats various types order 
make choice among them, will also necessary make calculations 
for many values and considerable work, requiring large amount 
time, may needed. For this reason, may perhaps useful supplement 
the authors’ method graphical device which may prove more rapid that 
does not require “trial-and-error.” The relation, 


applies for both the channel and the throat. value assumed for 


and arbitrary values are taken for the corresponding values may 

obtained easily from Equation (48). The computation repeated for various 
2 2 

values Curves corresponding each value assumed for are then 

2 
drawn diagram (see Fig. 20) which the values are ordinates 


and those are abscissas. 


2 
Values of 5 


Values of d 


1.0 1.5 2.0 3.0 3.5 
Values of A 


20. 


2.0 
0.5 
1.0 — 
2. 
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Knowing the section the canal, and assuming the sections one 
more throats, the relation between the values and the depth, becomes 
known for each case, being taken with respect common datum. 
Fig. the curve that expresses terms for either channel throat, 
drawn downward from the zero line. 
For critical conditions, the relation, 


applies. Assuming values the throat, corresponding values and 


are calculated, and computed means Equation (49), and the curve 


2 

showing function can drawn intersecting the curves already 

drawn. may useful, although not necessary, draw similar curve 

for the channel also (see Fig. 20). 


SECTION CHANNEL 


Uniform Regimen: 
S=0.0005; and, n= 0.012 


With 


(c) SECTION AT THROAT NO. 2 Values of d 


Fig. 21. Fig. 22. 


. 2 
Assuming, for example, that discharge, such that 0.1, flows 

through Throat No. the critical condition, then easy see that the 


| 
| 
| 
(49) 
0.8 
d 0.7 
|! 
___Reference ~ 
Plane | 
1.00 0.6 H = 
| 
> 
Sis 
ay 2 
> 
Zi 7 
0.02 Plane 
(b) SECTION THROAT NO. 
0.2 : 
4 
‘ 
0.1 
Fa 0.06 
1.00 0.04 
a Plane 0 0.5 1.0 15 
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ordinate, represents the velocity head. Fig. 20, the point inter- 


section the curve, plotted function (for 0.1), with the 


curve for Throat No. The dimension, represents the depth 
water, being the intersection the vertical through with the A-curve 
plotted terms for Throat No. and the length, being the total 
energy head the throat. 


The next step then find vertical segment, a’, which will equal 


2 
length and which will have its upper end the curve terms 
2 
for 0.1, and its lower end the d-curve terms for the 
channel. Then, a’, will the velocity head, the depth water, 
and the total energy head above the throat. similar manner, 
seen that the segment, represents the depth water the throat and 
the depth water the channel, the same discharge flows through 
Throat No. the critical condition, a’, being equal 


evident that the curve f(A) for any will 
the same, whatever the channels and throats may be. The other curves 
Fig. were drawn assuming channels and throats such those Fig. 21. 
The depth, always referred the plane through the channel bottom, 
given section. The detailed formulas which these curves were computed 
are not reported. 


order, rapidly, sketch the profiles the water surface the flume, 
will useful make diagrams such those Fig. 22, which the 


2 
values are entered ordinates and the values (computed 


2 
described previously), abscissas. The curves function are 


drawn for the throats and the channel above the throat. Then, Fig. 22, 


2 
0.1, are recorded the ordinates, obtained from Fig. 20, 
9 
g 
which represent the depth, for Throats Nos. and and for the water 
3 
the channel above either Throat No. Throat No. varying 


becomes possible obtain sufficient number points trace such 
curves. 


. 
=< 
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will also useful draw the curve function for the 


uniform regimen that present below the throat. Fig. 22, this curve has 
been drawn the basis Manning’s formula, assuming slope, 0.0005 
and 0.012. Fig. represents profile with Throat No. relative 


2 
discharge, such that 0.3, the values for 1.24 above the throat, 


1.03 the throat, and 0.83 below the throat having been obtained from Fig. 22. 
the same method which the curves were drawn Fig. 22, 


2 
easy draw those for function the curves which may con- 
sidered equal those drawn the authors Figs. and 10. would 
then easy select from the throats studied the one best adapted 
particular case, more satisfactorily than under the conditions recorded 
the authors their paper. 


Am. (by letter)—From the many constructive discussions 
received, the writers are encouraged hope that, more and more, water 
will measured Venturi flumes developing critical depths. Especially will 
this true when more accurate verification can obtained, hydraulic 
laboratories, some the principles involved, and more simplified calcula- 
tions flow can made, suggested some the discussers. 

Mr. Hopkins has developed excellent formulas for calculating co-ordinates 
the quantity-energy head curves. Since these curves form the basis 
all Venturi flume rating curves, the writers suggest that all notations referring 
the frictional loss, varying with the shape the throat, and velocity 
head, varying with the velocity, omitted from the terms the formulas 
offered Mr. Hopkins. This would mean substituting for his 
formulas. order that these may readily available, the formulas for 
the more common throat sections are summarized follows: For flume 
rectangular cross-section, Equation (26) becomes: 


for flume V-shaped cross-section, Equation (28) becomes: 
and, for flume trapezoidal cross-section, Equation (31) becomes: 


Professor Arredi has suggested most welcome graphical method deter- 
mining the proper size for Venturi flume throat any given installation 
and for drawing the rating curve, thus obviating the more laborious method 
advanced the writers. 


Draftsman, Los Angeles County Sanitation Dists., Los Angeles, Calif. 
Res. Engr., Los Angeles County Sanitation Dist. No. Whittier, Calif. 
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Mr. Stevens describes slab, curved longitudinal section (which has 
already used circular conduits), based somewhat the same principle 
that the writers. This would probably add some refinement reducing 
frictional losses which, however, might smaller than the recording device 
could register. The writers believe that the insertion level section 
the bottom slab will positive assurance that critical depth obtained with 
parallel flow, proved their early experiments. They not agree 
with Mr. Stevens the preference the simple flat slab over the 
trapezoidal form throat. The Los Angeles County Sanitation Districts 
had 6-in. slab with 3-ft level section including transitions), installed 
54-in. sewer, but found necessary change trapezoidal flume for 
greater accuracy. One difficulty with slab that thickness required 
give good results during peak flows may cause deposits silt sludge low 
flows. For very small flows sewer, flume with side contractions and 
bottom slab would better. 

The writers also disagree with Mr. Stevens’ statement that whenever the 
depth tail-water below the throat Venturi flume more than 65% 
that above the throat, correct calculations the flow can obtained only 
recording depths the two points. The writers have recently been able 
investigate this point installing flume irrigation ditch the 
Arroyo Ditch and Water Company (see Fig. 24), and believe that within 
the range accuracy recorder the flow can calculated from single 
head-water depth above the flume when the tail-water depth approximately 
90% the head-water depth. Dr. Engel has found this percentage 
high 92. simple analysis losses and depths flow through rectan- 
gular Venturi flume installed conduit with grade flat cause 
low velocity, tends substantiate the correctness the latter figure (92%). 
this case the depth water the throat the point critical velocity 
practically two-thirds the head-water depth, the velocity head equal 
one-third the head-water depth (neglecting the small velocity head above the 
throat). the water passes from the restricted throat section into the nor- 
mal cross-section the conduit below the flume, condition obtains 
similar that pipe enlargement, which case the usual practice 
consider that the loss 25% the difference velocity heads. Neglect- 
ing the slight velocity head the tail-water, only 25% the velocity 
head the throat would lost, one-twelfth the total energy head. This 
amounts and thus would leave the tail-water depth about 92% the 
head-water depth. 

The writers have observed also that the jump, undulations, occur 
the transition section below the throat, there effect the water 
depth above the meter, but when the undulations occur the throat and are 
backed point near the section critical depth, the head-water depth 
may affected. best, therefore, design the throat that the jump 
will occur the lower transition, with the tail-water depth less than 90% 
the head-water depth. 
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The writers are indebted Mr. Stevens for the details his float mechan- 
ism which should give accurate readings without being affected floating 


ENT EFFECT. VELOCITY Case Loss Was 
RESULTING SURFACE WAVES. 

Dr. Engel claims, his English experiments, accuracy for Venturi 
flumes 99.5%, but unfortunately the two cases for which published 
the data, the water did not flow critical depths the throat and, there- 
fore, the results are not applicable the present case. The accuracy attained 
seems vary inversely some power the velocity above the throat. Dr. 
Engel questions the accuracy the Parshall meter, but the United States 
generally accepted standard method measuring water, and the 
device has been legalized the Division Water Rights the California 
Department Public Works. The writers have apparently been misunder- 
stood the test comparison with the Parshall meter. the wooden Venturi 
flume was installed irregular channel the comparative results with the 
Parshall meter were only submitted show the general adaptability 
the flume throughout considerable range flow, sewer where would 
have been impossible have installed weir. Dr. Engel states that the 
important point regarding losses due the installation Venturi flume 
conduit has been entirely neglected the writers. the writers’ method 
computing rating curve, the loss energy stream from the throat 
affects the rating curve, whereas the loss down stream has effect long 
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does not cause backing the water. the formula for the Venturi 
flume given Dr. Engel, the loss head stream taken care the 
constant, but probably function the length the throat and flow, 
being negligible for smaller throats and also for small flows. 

Mr. Rouse has ably discussed several the theoretical limitations the 
proposed method using these flumes, which apply cases where circum- 
stances permit more than the ordinary accuracy measuring the depth 
water, very large installations. The writers had some these limita- 
tions mind when they suggested measuring the loss energy the 
entrance the throat. rightly questions its suitability control meter 
hydraulic laboratory experiments would necessary calibrate each 
installation that kind. Under such cases the weir would serve just 
well and would much easier install, but the field where allowable grade 
loss and funds for elaborate metering station are limited, and especially 
where the need for measuring the flow arises after the completion conduit, 
the Venturi flume appears superior. 

His most serious objection that the exact location the critical depth 
section unknown, and varies with the flow; this true, but the mini- 
mum energy rather than the critical depth that the writers use; and small 
variation from critical depth, some curvature surface, may occur without 
appreciable effect the energy-head depth. There difference the 
height the energy head the control section the throat and the point 
measurement, depending the hydraulic conditions this section the 
conduit; but small and can measured easily and allowed for within 
the degree accuracy the recording device (see Fig. 25). Although, theo- 
retically, drawback, practically the error less than the sensitivity 
the recording devices now available. 

The following case illustrates some the difficulties met field installa- 
tions. 24-in. trapezoidal flume set sewer having grade 
0.15%, flow averaging 21.5 per sec produced record with blurred 
line nearly 0.25 in. width, due small surface waves superimposed 
longer waves with period minute more. The flow varied from 20.6 
22.4 per sec and the mean could obtained only estimating the 
middle the trace. 

Mr. Rouse takes exception the writers’ attempt measuring flow over 
great range the method proposed. This difficulty one which must 
met sewage-flow measurements where the daily maximum may three 
times the minimum, and during storm much greater range 
expected. the sewerage system growing, the daily maximum ten years 
hence may easily ten times the minimum to-day. storm drains the 
flow even more erratic. This precludes the use the hook-gauge for 
measuring depths the stage recorder; therefore, considering 
the degree accuracy attained, must borne mind that 
ments too small shown the record need not considered. 

Mr. Rouse feels that this investigation should have been performed 
laboratory, with which the writers fully agree, but laboratory was avail- 
able, and there was great need finding some method installing meters 


: 


PALMER AND BOWLUS VENTURI FLUMES AND FLOW 


constructed sewers where weirs had been found inadequate. After the investi- 
gation had developed practical meter, was discussed with other engineers 
the Southwest who showed great interest and urged that discussions 
and results published once. The writers are confident that flumes care- 
fully constructed accordance with their recommendations will give accurate 
results. 

However, hoped that laboratory work will undertaken investigate 
some the following uncertain points: Proper length throat; 
(b) formula for energy loss head-water; (c) maximum ratio tail-water 
depth head-water depth; (d) proper angle transition axis conduit; 
and, (e) accuracy measurement function velocity approach. 
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THE STRESS FUNCTION AND PHOTO- 
ELASTICITY APPLIED DAMS 


Joun 


Synopsis 


The object Part this paper familiarize engineers with the 
use the Airy stress function for the solution problems plane stress 
and plane strain when ordinary engineering methods fail give even approxi- 
mate results. 

The object Part familiarize the engineer with the photo-elastic 
phenomenon and its application civil engineering structures and com- 
pare results obtained this way with the theoretical results obtained 
Part 

brief popular outline the theory, accompanied description the 
apparatus developed the California Institute Technology, Pasadena, 
Calif., given. Methods evaluating stresses are explained and applied 
experiments Morris Dam. 


Ordinarily, the theory the Airy function found based 
the assumption that body forces (weight and inertia) can neglected. 
This entirely inadequate civil engineering structures which the 
stresses due weight often are greater than those caused boundary forces. 
Furthermore, texts which the body forces are included the definitions 
stresses are generally such that the form the function not invariant 
change co-ordinates. The stress definitions given herein, including both 


the Bureau Reclamation, Denver, Colo. 


Nore.—Published in September, 1935, Proceedings. 
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boundary and body forces, are such that the stress function will the 
same form rectangular and polar co-ordinates.* 

The stress function restricted isotropic materials which follow Hooke’s 
law both compression and tension. may also applied, however, con- 
crete masonry structures the resulting stresses are those compression, 
very slight tension, even the elastic constants are not strictly constant 
for all stresses. generally conceded that slight variation the elastic 
modulus has little effect the final stress distribution, except, course, 
singular points points high stress concentration. With these 
assumptions the stress function may then applied slice gravity 
dam. The question uplift not corsidered this treatment, but 
assumed: (1) That there sufficient resultant average compression all 
points the dam overcome any internal pore pressures that may exist; 
and (2) that the pores are small that the average stress distribution 
point may still found isotropic material. 

This paper, together with theoretical and experimental work done 
others, shows that for purposes analysis the triangular gravity dam 
elastic foundation may divided conveniently into three regions: (1) The 
upper two-thirds the dam proper; (2) the lower one-third, including 
the base region the foundation; and (3) the foundation proper. Finally, 
special investigation must made the regions close the heel and toe 
whether they are sharp corners fillets, and near the crown. the present 
application, stress functions have been derived for four cases and twofold 
purpose served: (a) show the methods deriving stress functions; and 
(b) obtain results applicable the gravity dam foun- 
dation. most cases the derivations have been omitted, due the limitation 
space. The original manuscript file Engineering Societies’ Library, 
New York, Y., and the California Institute Technology, 
Pasadena, Calif. 

Application I—The stress functions, stresses, and deflections valid 
the upper part triangular dams are derived for hydrostatic, and are given 
for body, forces with computed results plotted the case Morris Dam. 
addition, the stress functions are given for number special loadings. 

Application II.—The stress functions applicable the foundation are 
given with stresses and deflections for concentrated and distributed loads, the 
computed results being plotted for study Grand Coulee Dam. 

Application “corner-function” applicable sharp re-entrant 
corners derived. Two methods procedure are given for the determina- 
tion stresses the lower part gravity dams. The results are plotted 
for study Grand Coulee Dam. 

Application approximate method derived for the determination 
stresses re-entrant sharp and rounded corners. Examples are computed 
for Morris Dam. 

should emphasized that even the gravity dam used for illustra- 
tive examples application, the aim not advance new design criteria. 
The writer hopes, however, that the methods described will help obtain 
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closer estimate the stresses that actually occur. worthy note that 
state stress computed the Airy stress function equilibrium and 
compatible with Hooke’s generalized law. 
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PART THEORY THE AIRY STRESS FUNCTION 

this section the stress function defined rectangular and polar 
co-ordinates. Convenient forms boundary conditions are treated. 

two-dimensional elastic system under plane stress plane strain 
equilibrium the stress components are defined follows: 

rectangular co-ordinates: 


(1a) 
and, 


which and components normal stress parallel the X-axis and 
the Y-axis, respectively; shear stress the direction the X-axis 
the Y-axis; stress and the total body force per unit 
volume, with components, and along the and Y-axes. 

the polar co-ordinates: 


and, 


If, now, restricted that solution the differential equation: 


or, 
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the stress defined Equations (1) and (2) will also compatible with the 
generalized Hooke’s law. Problems plane stress plane strain have thus 
been reduced the determination the functions, that satisfy Equa- 
tions (3) and such that the stresses determined Equations (1) 
Equations (2) agree with the given force distributions over the boundaries 
the structure. The first part very simple because can verified 
that both the real and imaginary parts the expression: 


satisfy Equations (3). As, and are arbitrary constants; 

The second part the problem (to satisfy the boundary conditions) 
usually difficult, and must solved for each individual case. important 
realize that soon the stress function known the stresses are also 


known all points Equations (1) Equations (2). 


Bounpary 


Referring Fig. the boundary conditions satisfied may 
formulated terms well-known engineering concepts, follows: Let 


the area enclosed the hatched boundary curve represent plane elastic 
body unit thickness, held equilibrium system forces, (con- 
centrated continuously distributed), acting the boundary, ABC, and 
body forces, per unit volume; and components along the co-or- 
dinate axes; and and the forces along the and Y-axis per unit 
length the boundary. 
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Consider element, ds, the boundary with co-ordinates 
equilibrium under the stresses and the boundary forces, and ds, 
(Fig. 1). projecting all forces the co-ordinate axes and taking moments 
about point, the boundary with co-ordinates, the conditions 
equilibrium are: 


and, 

which indicates the moment and about Point posi- 
tive direction (counter-clockwise about Point Fig. 1). The body forces 
the element are higher order magnitude and need not considered. 

substituting the stresses defined Equations (1) and integrating the 


equations from Point Fig. along the boundary the positive direction 
Point the following equations are obtained: 


B B 
B B 


ox A oy A 


and, 


which and are the projections along the X-axis and Y-axis; and 
the moment about all boundary forces between and 
suitable choice co-ordinate axes Equations (6) can simplified somewhat. 
From the definition the stresses Equations (1), follows that 
constant and terms that are linear and added the stress function, 
contribute stress. Therefore, choosing the origin Point Fig. 


The boundary equations then become: 


ox B 2 ° 
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and, 


B B 


the definitions and must remembered that the 
integrations are carried out from the origin (Point Fig. the 
positive direction. Point located the negative 
direction from the origin, the signs and defined connec- 
tion with Equations (6), must reversed, exactly taking moments, 
thrust, and shear section beam bending. This formulation 
the boundary conditions will found especially useful when approximate 
solutions are desired; that is, case the boundary conditions are 
satisfied only few points. 

exact solutions (that is, the boundary conditions can satisfied 
all points the boundary), only two the three sets formulas Equations 
(5), (6), and (7) need considered, the third will satisfied automat- 
ically. body forces exist (that is, Equations (5), (6), 
(7) become especially simple and instructive. this case the following 
simple interpretations the stress function, and its partial derivatives 

The value (the stress function for the given boundary forces) any 
point, the boundary equal the moment all forces acting the 


boundary between the origin and Point The value Point 


equal the projection the X-axis the same forces and equals 


the negative projection the Y-axis. 

often convenient determine two functions, and the first 
representing the boundary forces and the second the body forces; then, 
mass forces exist the boundary conditions can given 
simple form the portions the boundary where forces are acting, 
namely 


and, the derivative normal the boundary, 


When the stress function, known, the displacements, parallel the 
X-axis, and parallel the Y-axis, can determined the case plane 
stress the expressions: 


| 
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and, 
which, Young’s modulus; Poisson’s ratio; real part 
function the complex variable: 


such that the real part f(z). The constants and Equa- 
tions (9) determine the reference axis for and and only effect solid- 
body rotation and translation. 


polar co-ordinates the radial and tangential displacements, and 
are given by: 


and, 


and, f(z) defined connection with Equations (9). Equations 
(11) and (12), the constants, and have the same meaning Equa- 


tions (9). mass forces occur, Displacements the case 

plane strain are found Equations (9), (11), and (12), replacing with 


order indicate the general procedure for determining the stress 
tion the case two-dimensional structures for given loading the case 
the infinite wedge with hydrostatic pressure one side, and body 
forces, will developed some detail. The solution was first offered 

unit distance from the top measured along the face; then, Equations (1) 
with the boundary conditions are (remembering that mass forces 


* Comptes Rendus, Vol. 127, 1898, pp. 10-15. 
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(5b) (remembering that boundary forces exist the rear face) 
and, 


evident that the polynomial, 


satisfies Equations (3), and, therefore, Airy stress function. the 
arbitrary constants and can determined such that the boundary 
conditions are satisfied, Equation (16) the solution. 

substitution into Equations (13) and (14) and with 


3K? 


these values and introduced into Equation (16) the 
stress function for the hydrostatic forces becomes: 


stresses are: 


and, 


The displacements corresponding Equation (17) are derived some 
detail order illustrate use the general equations (9); thus: 


4 oF, Pp 2 


1247 
and, 
ic 
2 2 


1248 STRESS FUNCTION AND PHOTO-ELASTICITY APPLIED DAMS 


and, 
[ ary (x? "| eo (19) 


tion (19). Substituting these quantities into Equations (9): 


u= 


and, 


Equations (20) and are Young’s modulus and Poisson’s ratio, 
respectively, for the dam case plame stress 0). case plane 
strain, and are found, explained connection with Equations (11) 
and (12). 

Mass the components the mass forces (weight and earth- 
quake forces) and along the X-axis and Y-axis, and assume that 


forces are acting the faces the dam. may verified that the 
function: 


will satisfy the boundary conditions expressed Equations (5) Equa- 
tions Equations (1) the stresses are: 


[go K* x’ + (gc K + gy K* 2 gy)y* 3 gy K zy*]...(21) 


and, 

— 


0), 


1a- 


a) 
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The displacements corresponding Equation (21) are found substi- 


tuting, 

and, 

=— (K at Kgs + — 2 (7 — .(23d 
into Equations (9). 
will seen Equations (18) and (22) that all stresses are linear along 


the assumptions engineering practice. will shown subsequently that 
this not true near the base dam finite height. 

The boundary stresses computed Equations (17) and (21) for Morris 
Dam, California, are plotted Fig. 


any straight line the triangular dam infinite height. This agrees with 


Calculated Stresses for 
Rounded Corners 

---— Calculated Stresses for 
Sharp Corners 

——— Photo-Elastic Stresses 


Water Surface 9 400 800 
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T Water Surface 
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Water Pressure Scale Feet 
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Sharp Corner Stresses 


Calculated and Photo-Elastic | Sharp Corner Stresses 
Curves Coincide All Curves, Campression 


HYDROSTATIC LOAD ONLY WEIGHT DAM ONLY 


Additional Solutions Polar for the Triangular Dam 
Infinite expressions are obtained when the bisector the top 
angle, 2a, chosen the X-axis, and the Y-axis positive down 
stream; as, for example: 

(1) When the full hydrostatic pressure, pr, exerted the up-stream 
face, and with forces the down-stream face: 


greater detail refer Carothers’ “Plain Strains Wedge, with 
for Masonry Proceedings, Royal Soc., Edinburgh, Vol. (1913), pp. 
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(2) When uniform pressure, exerted both faces: 
(3) When uniform pressure, exerted the up-stream face and 
uniform tension, exerted the down-stream face: 


(4) When uniform pressure exerted the up-stream face, with 
force the down-stream face: 


(5) With pressure, pr, the up-stream face and tension, pr, the 
down-stream face: 


(6) With pressure, pr, both faces use Equation (27), substituting 
“sin” for “cos” and “cos” for “sin” throughout. 

(7) With moment, per unit the Z-axis (positive direction +6) 
acting the vertex: 


(8) With force, per unit length the Z-axis acting the vertex 
and directed along the positive Y-axis: 


sin 
(9) With pressure, directed along the positive X-axis, use Equation 
(29), substituting sin for “cos and for and 
(10) With body forces, per unit volume, directed angle, with 
the X-axis: 


sin? 


The stresses are obtained Equations (2) with mass forces exist. 


Let tangential line load, act per unit thickness the infinite half 
plane (foundation). With the co-ordinate system Fig. easily verified 


*For a more detailed solution, see “Applications Potentiels A l’Etude de Equilibre et du 
Mouvements des Solides Bouissinesq, Paris, 1885 
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because Equations (3) are satisfied. satisfies the boundary conditions, 


forces act the X-axis. Furthermore, when and when 


@ = (+) Clockwise 


Therefore, Equations (7) tangential force distribution occurs 


The stresses found Equations (2) with thus: 


and, 


The rectangular stress components the foundation may found the 
formulas: 


and, 
The influence function, 


% 
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gives the stresses the foundation due unit tangential force acting 
point, and directed along the positive X-axis positive direction. 
For uniform distribution, over distance, will found inte- 
gration Equation (33) that the stresses are: 


and, 


which the angles, and are shown Fig. Equations (34) are 
easily extended number uniform distributions, qs, 

tions (84) becomes invalid; then obtained direct integration 
Equations thus: 


tion, 
Equations (9) (remembering that the displacements due 
Equation are: 


and, 


Next, let normal compression, act per unit thickness. The stress 


the boundary conditions. The stresses Equations (2), with are: 

The rectangular components stress due are: 


The influence function, 


ad 1 
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. . 
will give the stresses the foundation due unit normal pressure the 


point, 0). 
For uniform distribution, p:, over the distance, (Fig. 3), the stresses 


(2a, sin 2a,) (2a, sin 2a,)] 


and, 


Equations (38) can extended several uniform distributions, ps, 
ete. The displacements due Equation (37) are: 


and, 


interesting case occurs when the uniform reservoir pressure 


the foundation above dam. the X-axis chosen positive down stream, the 
stresses are: 


with the origin the heel. The corresponding displacements are: 


and, 


Finally, the stresses the foundation due the weight, per unit volume 


are: 
q 
q 
oy = { 
| 
=— q 
and, 
J 
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the third application the theory, polar co-ordinates will used 
determine “corner-functions” for wedge corner with angle, The 
“corner-function” defined such give forces the straight boundaries 
the wedge the corner. For the present purpose convenient choose 
the co-ordinate system shown Fig. These functions appear 


tion with the exact solutions the writer’ for stresses two-dimensional 
Professor von has called attention the existence such 
tions, which used for the investigation stresses the region the toe 
and heel dams, cracks concrete, etc. 


The definition this function expressed Equations hence, when 


and, 


Consider the real part the following function which, Equation (4), 


into Equation (42) and taking the real part only: 


the California Institute Technology 1932, partial fulfillment 
the requirement for the degree Doctor Philosophy; also contained Technical 
Memorandum No. 420, Bureau Reclamation, Denver, published 


Applied Mechanics, 1933, Vol. No. and Physics, Vol. No. 
February, 1933. 
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noted that, starting with complex function the type 
Equation (4), Airy functions are easily produced and the task verifying 
Equations (3) avoided. 

The constants, and must determined the boundary 
conditions expressed Equations (41) and will found that the “corner- 
function” (Equation (43)) becomes: 


which, 
and, 


The stresses produced Equation (44) are found Equations (3) with 
The displacements corresponding Equation (44) are: 


1 


which and are arbitrary constants used fix the reference system 
The values that satisfy Equation (45) will referred “cor- 
ner-values.” will found that when there are two significant real 
roots, and n,, the others are complex; when all roots are real: 


are complex. The real roots, and for various values are given 
Fig. based the formulas: 


SiN 
and, 


The complex roots may found follows: Let ib, which, substi- 
tuted Equation (45) gives: 


AM 
ose 
4 
and, 
q 
(4), 
(42) 
4 
(43) 
nical : 
a 
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Equating real and imaginary parts, the following simultaneous equations are 
obtained: 


and, 


When known, approximate values for and are found by: 


and, 


which, 

The values, and bx, obtained Equations (49a) and (49b) will not 
satisfy Equations (48) exactly; therefore, they must further 

tion (46). Let which, substituted into Equation (46), separating 
real and imaginary parts and making use Equations (48), gives 

The various quantities Equations (44) have now been expressed 
terms that, when the angle, known, the “corner-function” fully 
determined except for the arbitrary constant, complex value 
will furnish real and imaginary part Equation (44). Both parts will 
satisfy the required boundary conditions; therefore, two functions are obtained 


Adjustment demonstrated record manuscript, filed for reference Engineering 
Societies Library, New York, 


2.0 
16 NX 
0.8 
0.4 
0 
Values of 7 


9a) 


9b) 
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for each value each with arbitrary constant, and respectively. 
Furthermore, the sum the functions obtained for all values will 
satisfy the boundary conditions. This function may written: 
s= 
which given Equation (44). 

The function, contains double infinity arbitrary constants, and 
and constituted that corresponds the case which there are 
forces acting the straight boundaries the corner, irrespective the 
values and points inside the corner the stresses will not 
zero, but the stress distribution will such that the resultant the stresses 
acting any line terminating points the boundaries will zero. 
other words the function, will only affect the distribution the stresses. 
important that the full significance realized. extremely 
useful for the investigation stresses sharp corners and for the correc- 


tion stresses structures the boundary lines differ from those assumed 
the original computations. 


Application for the Determination Stresses Near the Base 
Straight Triangular Gravity Dam Infinite Elastic Foundation 


Two cases will serve demonstrate the foregoing theory. Case the 
elastic properties the dam and foundation are assumed the same 
throughout; and, Case they are different the dam and foundation, 
but constant throughout each the two. 

Case infinite elastic homogeneous plate unit thickness. 
this plate imagine the boundary lines the cross-section the dam 
and its foundation. These lines will divide the plane into two separate regions 
one which slice the dam and its foundation. The problem 
determine function, that will deliver stresses between the two regions 
equal the loads the dam and its foundation. This function then will 
deliver the correct stresses throughout. Incidentally, interesting note 
that will give the stresses both regions the infinite plate. 

Select the height the dam (see Fig. 2), measured along the up-stream 
face, the unit length. Assume full hydrostatic load the up- 
stream face and constant pressure, the up-stream foundation. Let the 
uniform mass forces (weight and inertia) per unit volume acting 
angle, with the X-axis. assumed that the forces, any, acting the 
rear face and the down-stream foundation are known. 

Then the boundary conditions which must satisfied the stress func- 


and and, (3) the rear face and down-stream foundation 
will considered later. Let, 
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which and are given Equations (17), (21), (24), and (50); 

various functions Equation (51), will found that (1) and 
(2) are satisfied exactly. (It noted that was determined 
give contribution these lines.) 

There remains the matter satisfying the conditions along the line, 
BDA, Fig. 2(b). For this purpose the form the boundary conditions 
derived Equations (7) utilized. 

Equation (51), determinate with the exception the arbitrary 
constants, and the function, This double infinity constants 
used satisfy Equations (7a) and (7b), all points the line, 
The right-hand sides Equations (7a) and (7b) are completely known and 
can computed all points when the forces the dam are known. 
double infinity simultaneous equations obtained with double infinity 
unknowns, and By. This problem solved, mathematically, expand- 
ing the right-hand sides Equations (7a) and (7b) terms the “corner- 
functions,” the practical solution the problem only necessary 
satisfy Equations (7) for finite number points. this case 
better include all three Equations (7). will found that they 
are satisfied three points, and (Fig. 2(b)), Equations (7) will 
closely satisfied intermediate points. This can checked plotting 


and along the line, and comparing the results with 
the values computed the right-hand sides Equations (7). 

Three equations conditions are thus obtained each point, and 
total nine equations. This means that nine constants, and Bx, must 
included 

When only finite number points, are used, neces- 
sary compute the stress functions for both the heel and the toe; that is, 
for the two different angles, soon the constants, and are 
determined, known (50). Thus, the total stress function 
valid the region the corner known Equation (51) and the stresses 
can determined Equations (2). 

The stresses computed one the preliminary studies Grand Coulee 
Dam’ are given Figs. and The stresses the foundation were found 
Equations (34), (35), and (39), after the normal stress and shear 
distributions along the base had been computed. The stresses the upper 
two-thirds the dam are not shown. They may computed Equa- 
tions (18) and (22), the usual engineering methods. 

will seen that all stresses are compressive and tend become infinite 
the heel and toe. course, this not possible because the material will be- 
come plastic before such magnitudes are reached and redistributions will 
near the corners, which must considered singular points where 


* The details are contained in Technical Memorandum No. 403 by Chief Designing Engt- 
neer Savage, Am. Soc. E., Bureau Reclamation, Denver, Colo. 
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the elastic assumptions not hold. The redistribution cannot computed 
the elastic theory, but evident that, after the plastic flow takes place, 
the stresses will decreased near the corner and slightly increased short 
distance from the corner. will noticed that the theoretical stresses are 
extremely high over only minute distance that the actual forces involved 
are very small. The effect redistribution, therefore, can only slight. 

order able predict the elastic stresses heel and toe 
would necessary fillet the corner with large enough curvature keep 
the theoretical stresses within the elastic limit all times. This was done 
other studies this dam. 

Case Fig. consider the dam triangle with elastic 
modulus, and Poisson’s ratio, resting elastic foundation which 
considered infinite half plane with modulus, and Poisson’s ratio, 
slice, one unit wide, across the dam and into the foundation considered. 
will assumed that separation slippage will occur between the base 
and the foundation. This implies that, when all effects are considered, the 
resulting normal stresses are compression, and that the shear stresses are 
within the permissible relation the normal stresses. 

All forces acting the dam and the foundations are known, except 
the reactions between the two. The problem determine these reactions 
such that the elastically deformed base and foundation make perfect fit 
when equilibrium exists. This expressed demanding that the relative 
displacements the dam and the foundation must zero along the base. 

With the co-ordinate system Fig. let the stress function for the 
up-stream face, and the mass forces, per unit volume. Functions and 
are given Equations (17) and (21); and the “corner-function” derived 
Equation (50) with equal the top angle the dam this 
for the infinite wedge. has already been indicated that does not alter 
the force system which acts the faces the dam. Its value known 
except for the arbitrary constants, and Bx, which must determined 
making the deformed base the dam congruent with the deformed foundation 
line. this method possible determine: (1) The effect varia- 


tion the ratio, the stresses, which and are Young’s modulus 
2 


for the dam and foundation, respectively; (2) the effect uniform shrinkage 
the dam relative the foundation; and (3) includes Case when 
E, = E, and ja = po 


FILLETS 


Formulas are developed herein for the boundary stresses sharp and 
rounded corners elastic structures, using only “corner-values,” 
and given Fig. The method applicable any structure with any 
loading. Numerical examples are computed the case triangular dam. 


its 
ry 3 
is, 
a- 
e- 
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Theory Pertaining Sharp that the body forces and 
represented function, and that the stresses, and the points, 
ordinary engineering methods. required determine function, 
represent the state stress the corner such that, when 


and, 
oF, 
Then Equations (2), 


the boundary, Equations (52) and (53) apply likewise except, 


Function the “corner-function” for given Equation (50), with 
and that is, only the real values, and found Fig. are 

will seen that defined Equation (54) satisfies Equation (52). 
only remains determine the constants, and such that Equation (53) 
will satisfied. 


substituting into this formula and re-arranging: 


and, the analogous equation for which every term known 
except and A,. The brackets the right side Equation (55) are the 
stresses gr, computed from the function Equations (2). The derivation 
will given subsequently herein. Denote these terms and 
general, let 


and let subscripts denote the co-ordinates the point which the quantities 
are computed. 
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partial differentiations given Equation (44): 


OF, = 2 Ao No Mo + 2Armmr...... (57a) 


and, 


r Tr Tr Y 


Substituting back into Equation (55), the following equations are obtained: 
2 Ao No Mo + 2 = Qos a- .. (58a) 
and, 


most cases possible choose and, so, further simplification 
possible: Placing Equations (58) and solving: 


and, 


and the stresses can found the definitions Equations (2); thus: 


a 
and, 
a 


which the part due the external forces acting the boundaries, 
forces, per unit volume. 


Case 1.—In this case there are external forces acting the boundaries, 
tion (56), Qr, 6 = 0. 


; 
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tion (17) and superposing pr’, will found that, 

sin? 
will satisfy the conditions this case. Then Equation (56): 


cos 
and, 
2 
Case mass forces are considered, and the function, must 
such that and are zero along the straight boundaries, and 
Substituting polar co-ordinates into Equation (21) and placing 


Equation (56): 
sin 
and, 
sin 


will seen Fig. that always less than unity for angles between 
180 and 360 degrees. This means that the stresses found Equations (60) 
will approach infinity the radius vector, approaches zero. other words, 
mathematically sharp re-entrant corner cannot occur structure without 
having the stresses exceed the elastic limit, contrary the assumptions 
the mathematical theory elasticity. The material becomes plastic and the 
stresses the immediate neighborhood must redistributed. 

Theory Pertaining order predict the elastic stresses 
necessary abandon the sharp corner and assume finite curvature. this 
case the preceding formulas longer are valid the immediate neighbor- 
hood the corner. Photo-elastic experimentation has shown, might 
expected, that slight curvature only will effect the stresses the immediate 
neighborhood (that is, distances the order magnitude the radius 
curvature). The stresses, the tangent points, and Fig. may 
still computed (on the side safety) the corner was sharp. 

With the foregoing assumption approximate method developed herein 
for the determination the stresses the boundary the fillet. The origin 
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chosen the center curvature and the axes, and are parallel 
Axes and The notations, are used for the polar co-ordinates the 
new system. 

Assume that the stresses, and have been computed the methods 
shown. (such as, Equations (60)), and assume that constant pressure 
Now, consider the stress function: 


With Equations (2) applied Equation (65) easily verified that 


The arbitrary constants, and B,, are now determined such that 


applying Equations (2) Equation (65): 
Hence, the conditions expressed Equations (66) 


4sin 


and, 
Substituting back into Equation (67) with 


sin 
The method procedure best shown few typical examples. 


The underlying assumptions are based, large extent, results 
experiments conducted connection with the Morris Dam (see 
Part II). natural, therefore, base the example computations for 
this dam, because verification possible. cross-section the Morris Dam 
shown Fig. Theory and experiments have shown that the stresses 
the upper two-thirds the dam can computed accurately Equations (17) 


. 
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and (21). The height the dam taken the unit length. All 
must multiplied later the actual height, 

Up-Stream Corner, Hydrostatic first the up-stream 
corner with full hydrostatic pressure, the up-stream face and 
constant pressure, the foundation above the dam. The body forces will 
considered subsequently; that is, 

For this loading the value given Equation (61). Points 
computed with reasonable accuracy superposing Equations (25) and 
(39a); Equation (35) the total horizontal water pressure the dam 
uniformly distributed over the base and Equation (39a) the 
pressure, the up-stream foundation. 


0.86 0.3 


Point sufficiently far from the base that may computed 
Equation (18a). the present application, tan 0.8963; 

The up-stream corner angle, 267° Fig. 0.55; and 


0.93; and, Equation (46), 0.895; and 0.318. The quan- 
tities, and Q,,», are now found placing 0.3 Equa- 


Tr r 


0.45 0.07 


dam and the actual hydrostatic pressure the base. Equa- 
tions (70), becomes infinite eliminate this condition assume 
finite radius curvature, 0.025, the corner with tangent points 
0.0238 (see Figs. and 4). 

Now, compute Equation (70a) and Equation for 


and, 


The maximum occurs when 146° 07’; and (max.) The 
stresses computed Equations (70) and (71) are plotted Fig. 2(a). 
Up-Stream Corner, Mass consider mass forces only; that 
is, let Only vertical forces are assumed exist; hence, 90°; 
and weight per unit volume. The stress, ga, computed 


4 
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Equation (39a) zero; computed Equation (22a) (for 0.7; 

Now, compute the quantities, etc., Equations (64), with 90°; 


0.45 0.07 


and, 
1 0.45 1 0.07 


which measured units Again, the stresses become infinite 
for the sharp corner when The radius curvature, 0.025, 


tion (69) with thus: 

The maximum occurs when 154° 36’; and maximum 2.287 


The stresses computed Equations (72) and (73) are plotted Fig. 
For the section under consideration let 108.5 per in., and 2.5 
271 per in., corresponding 156-lb concrete. 

computing the stresses for the down-stream corner the procedure 
exactly the same for the up-stream corner. The origin chosen the 
toe with the along the down-stream foundation and the Y-axis posi- 
tive into the foundation. pressures act the down-stream face and 
foundation, and again given Equation (63), with equal the 
re-entrant corner angle the toe, and 90°, the foundation horizontal 
and inertia forces not exist. Point (Fig. (b)) chosen the 
down-stream face and Point the down-stream foundation, such that 

tions (18) the case hydrostatic loading and Equations (22) the 
ease mass forces. The stress, ga, computed Equation (85) and becomes 
negative. The results are plotted Fig. for the Morris Dam, assuming 
fillet radius 0.025 the up-stream corner. 

The Morris Dam not designed with fillets, but was necessary 
manufacture the models used for the photo-elastic experiments (scale, 
with radius (0.025 height) the corners prevent failure when 
hydrostatic load was applied the absence body forces. For this reason 
the same radius was used the computations for stresses the fillets. 

The approximate method analysis only for preliminary 
work, order fix suitable dimensions the base region the section. 


the final analysis one the methods explained Application III should 
used. 


| 
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Based the present computations and those for other radii fillets 
would seem that, for stable gravity dams, radii would 
suitable the heel and 0.10 0.20 the toe, depending the height 
the dam and the quality the masonry. The up-stream fillet deter- 
mined for the case empty reservoir, the down-stream one for the case 
full reservoir. 


PART EXPERIMENTS CONNECTION 
WITH THE MORRIS DAM, CALIFORNIA 


Although the principles involved photo-elastic stress analysis may 
found treatises short description given herewith, 
for the sake completeness. 

About 125 years ago the English physicist, Sir David Brewster, discovered 
that isotropic media become doubly refracting when placed under stress. 
They then behave optically crystalline media. The planes principal 
stress correspond the crystal planes. plane-polarized monochromatic 
ray (see Fig. 8), sent normally through plate stressed its own plane, 

Relative Retardation of Vo 


Behind Vp Caused by the 
Difference in Stress 


Monochromatic 


Light Source Ray Vp, Component of 


Ray V4, Vibrating in Plane 


Ray Before Ray Ray Principal Stress After 
Polarization, Vibrating Transmitted by i 
in All Planes. Vibrating in Vertical Plane. i 


Prism, Prism, Ray Vp, and 
Polarizer, Crossed Component of Analyzer: Crossed Components of 

Ray V4, Vibrat V After Leaving 


Q After Passing Horizontal Plane 


Through the Mode! 


the ray will resolved into two component rays each vibrating plane 
principal stress. The two ray components will usually have different veloci- 
ties the two planes; therefore, while passing through the plate the wave front 
one ray will get ahead the wave front the other ray small dis- 
tance, which called the relative optical displacement the two ray 
If, after leaving the plate, the two components are combined 
vibrate again the same plane, interference will take place due the 
relative displacement, Complete interference will occur when 
wave lengths. This furnishes means measuring the displace- 
ments. has been shown theoretically Clerk and verified 
experimentally that the difference magnitudes the two principal stresses, 
and go, the line passage direct proportion the relative dis- 
placement. The latter can measured terms wave lengths the 
light counting the order, interference, hence: 


Coker and Filon. 


the Equilibrium Elastic Clerk Maxwell, Transactions, Royal Soc. 
Edinburgh, Vol. XX, Pt. also, Coker and Filon, 198. 


Screen 
2 


ro 
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which constant which depends the type material, the thick- 
ness the plate, and the wave length the light. will shown later 
how determined. (It noted passing that the number fringes 
directly proportional the thickness the plate.) 

The principal stress difference, equal twice the maximum 
shear the line passage; hence, this quantity known when the fringe 
order, observed. Furthermore, will change continuously from 
point point the plate; therefore, the optical displacements, will 
likewise, and equal integral values will occur along continuous interfer- 
ence bands called “isochromatics” which then may defined lines 
equal maximum shear. 

The plane polariscope shown schematically Fig. with explanatory 
notes. The two Nicol’s prisms, the polarizer and the analyzer, are “crossed” 
that is, their polarizing planes are set right angles that light will 
reach the screen, when the plate not the field when unstressed. 

already explained alternate dark and light bands, “isochromatics”, will 
appear the screen when the stressed plate placed the path the light. 
Along the edges the model one the stresses, known, and 
the fringe order, can observed that the other stress may 
computed Equation (74) when known. 


CALIBRATION 


The simplest way determine the value subject beam 
cross-section uniform bending. The beam must cut from 
the model material. The fringe pattern obtained bakelite test beam 
shown Fig. The dark band mid-height the zero 


Fic. 9.—ISOCHROMATICS IN CALIBRATION BEAM. 


order 0), the neutral axis. The constant bending moment and the 
dimensions the beam section can measured that the horizontal stress 
the extreme fibers can computed. the present experiment, 1055 
per in. load occurs mid-span; that is, The fringe order, 
counted the top bottom (in this case, 6), the neutral axis being 
zero order. Hence, Equation (74), 


n 


or, 


176 per in. The even spacing the parallel fringes shows 


| 
a 
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that the engineering assumption linear stress distribution holds exactly 
for beam uniform thickness stressed with constant bending moment. The 
thickness the beam was 0.346 in. and white light with blue Wratten filter 
(about 4100 Angstrom) was used. This filter and models, 0.346 in. thick, 
were used both the experiments described. the thickness, 
the model were different from that the test beam, merely multiply 


Equation (75) 


may happen that Ray (Fig. vibrating the plane the prin- 
cipal stress, gp, the line passage. this case Ray Ray will 
pass unmolested through the plate and the orthogonal component, will 
zero. Therefore, nothing will happen the screen and darkness will prevail 
the image the point passage, the Nicol’s prisms being “crossed”. 
When the polarizing plane the polarizer set known angle the rays 
automatically will seek the points the model which one the principal 
stresses parallel the polarizing plane. The stress directions model 
will generally vary continuously (except singular points) that the dark 
points just described will also form continuous band the image known 
“isoclinic” locus points having their principal stresses parallel 
the known plane polarization. the polarizer and analyzer are now 
rotated together through certain angle, another isoclinic will appear, 
this manner the direction the principal stresses can found through- 
out the model. 

Although the location the isoclinic changes with each prism setting, the 
system isochromatics will remain stationary and, therefore, are easily 
distinguished. 

using circularly polarized light, instead plane polarized light the 
can eliminated. this experiment the light vector, made 
rotate with high, uniform, angular velocity while passing through the 
model and thus can have directional preferences; therefore, isoclinics 
cannot occur. Circularly polarized light produced inserting what 
known “quarter wave plate” between each Nicol prism and the model. 
These crystalline plates are usually obtained splitting mica thickness 
corresponding relative retardation the two component rays, equal 
one-fourth the wave length used the experiment. The theory this 
phenomenon may found treatises passage light through crystalline 
media.” 

using materials low optical sensitivity (that is, very large 
Equation (74)) such plate glass, the isoclinic lines which are only 
function the stress direction can made appear sharply long before 
the model stressed sufficiently for the show except 
slight illumination the glass. The latter effect makes the isoclinic stand 
out clearly black line light background (see Fig. 13). Glass without 
initial stresses must used, and distinguished holding the unstressed 
glass plate the field the polariscope before cutting into the desired 
model. 


— 
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The bakelite plates used for the isochromatics generally had annealed 
before planing, polishing, and modeling, heating them well controlled 
oven about 80° for couple hours and then cooling them gradually 
room temperature over period about hr. newer type bakelite 
usually does not need annealed. 


The lines principal stress can drawn when the system isoclinic 
lines known explained subsequently under the heading, “Hydrostatic 
Loading; (see, also, Fig. 10). The magnitude stress along the 


Notes: 
Dotted Lines are Lines 
of Principal Stress. 
Full Lines are Isoclinics 


Op 


DIRECTIONS 
POLARIZATION 


= slope = 0.05 © | 


AND LINES PRINCIPAL Fic. INTEGRATION 


lines principal stress can then integrated use the isochromatic lines, 
the known boundary forces, and Equation (74). Methods for this work are 

many types problems, even when body forces are dealt with, the 
following method convenient for determining the magnitudes, and 
along given lines principal stress. The method essentially structural 
and was developed considering that the structure composed two 
systems orthogonal arches bounded the lines principal stress. These 


Coker and Filon, pp. 143-146. 
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arch strips are interlaced such way that only normal forces (no shear) 
exist any element block bounded the four principal stress 
that is, two from each system. The integration problem then reduced 
the determination the force polygon, being given the funicular curve 
and certain reactions. 

Consider the element, A:, As, bounded the principal lines 
stress shown Fig. The only forces acting the element are 
and normal Surfaces B,, and perhaps the mass 
and direction, then and can found constructing the force 
polygon. 

Proceed the element, etc., until all the forces, and 
are found. necessary start the construction the boundary, 
As, etc., where the forces, and are known can found 
the isochromatics and boundary forces. When all the forces, are found, 
consider B,, Bs, new boundary, apply the now known forces, 
reversed, and the known forces, and find the forces, and 
construction, ete. The average stresses over the elementary sides are found 
dividing the forces the corresponding sides. the principal 
stresses say, will be: 


and, 


will seen that Equations (74) furnish check all points, 
which should made after the completion the stresses along each line 
principal stress. 

The construction easily arranged force diagram that duplications 
lines are avoided. Note that the lines curve rapidly small elements must 
used. 

The integration stresses along principal lines stress tedious and 
often not very accurate complicated stress patterns. Consequently, efforts 
have been made obtain other methods. 

two-dimensional state stress determined completely when the prin- 
cipal stresses, and and their directions are known all points; 
known throughout the isochromatics and Equation (74). The direc- 
tions are known the isoclinics; hence, can found, the state 
stress determinate; can obtained measuring the lateral dila- 
tions the model with the membrane 


Bopy Forces 


Body forces—weight and inertia—are difficult apply correctly 
photo-elastic experimentation. possible examine isolated regions the 


> 
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model substituting the surrounding mass forces equivalent external 
loads long these forces are placed far enough away from the region 
question permit proper distribution. This method was used the experi- 
ment shown Fig. 2(b) and Fig. 12(a). 


Water Surface, 


02550 100 150 200 


Scale of Feet ft 


Fringe orders (n) 


1 rs Fringe orders (n) 
(2) DUE TO WEIGHT OF DAM (6) FOR HYOROSTATIC PRESSURE ON 
CORRECT IN FOUNDATION ONLY UPSTREAM FACE AND FOUNDATION 


The weight the model itself too slight have any effect unless 
magnified many times. The easiest method would rotate the model 
and observe whenever passes through the optical field. This method has 
not yet been attempted, and will require steady rotor mechanism, free 
vibration, obtain good photographic exposure the photo-elastic lines. 
The used the writer would admirably suited for such 
experiment. The model could attached one end rigid rotor and the 
photographic plate the other end, each passing through the optical field 
simultaneously with the same relative angular velocity. new method has been 
developed the writer connection with experimentation the Grand 
Coulee Dam, which only the corrections the straight-line stress distribu- 
tion are involved. interesting equivalent boundary loading has recently 

Stresses have been determined experimentally for the section shown 
Fig. under all critical loading conditions, including earthquake accelera- 
tions and uniform shrinkage relative the foundation. 

Hydrostatic Load the Up-Stream Face and Foundation: Isochromatics. 
bakelite model, with blue filter and quarter-wave plates, was used 
produce isochromatics. The model scale was the photographic scale, 
1:900; and the loading factor, 4.6, which means that the hydrostatic pressure 
any point the model was 4.6 times great the corresponding point 
the actual dam. The up-stream face was loaded linearly three levers, 
each applying the correct force through knife-edges steel shoe. The uni- 
form distribution the up-stream foundation was applied single lever 


Water Surface 

a 
— 
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acting heavy steel shoe. Soaped rubber paddings were used between the 
shoes and the edge the model, order avoid shear forces and local 
concentrations. 

The isochromatics are plotted Fig. 12(b) and, from the maximum 
shear the model, pounds per square inch, obtained directly Equa- 


Equation (75). The shear stresses corresponding the actual 
dam will then be, pounds per square inch, 


Load factor 4.6 


which the fringe order given Fig. 12(b). The actual boundary 
stresses are also determined Equation (74): 


the rear face and foundation, hence: 


the up-stream face and foundation the dam, the hydrostatic pressure is, 


the depth, inches, the corresponding point the photograph. 
Equation (78), 


which the fringe order the point question. 

The experimental results obtained substituting the fringe order, 
along the boundaries Fig. 12(b) into Equations (79) and (80) are plotted 
Fig. 2(a) with the theoretical values obtained Part this paper. 

will noticed that the upper two-thirds the dam the stresses 
obtained Equations (18) agree with experimentation. the base region 
the boundary stresses are close agreement with the approximate methods 
discussed under the heading, “Application Part can shown 
that the isochromatics for the infinite wedge are concentric ellipses with their 
centers the vertex, agreeing with the upper isochromatics Fig. 
slight disagreement between the computed and experimental values may 
expected due the finite crown width, which neglected Equation (17). 

Hydrostatic Loading: model and white light 
without the quarter-wave plates were used produce isoclinics. The photo- 
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graphic scale again was 1:900. noted that the isoclinics are inde- 
pendent the loading factor defined previously, except that these lines 
become sharper with increased factor. order cover the entire region 
only necessary obtain the isoclinics for various prism settings, through 
range 90°, shown Fig. 10(b). separate photograph necessary 
course for each prism setting, sample which shown Fig. cor- 


Lines Prism SETTING, 
Fic. 


responding the prism setting, Fig. 10(b). The isoclinics are plotted 
Fig. 10(a), and the lines principal stress are obtained the following 
then draw perpendicular etc. The points, etc., are taken 
approximately midway between the corresponding isoclinics, ete. 

can shown that the isoclinics for the wedge are straight lines radiat- 
ing from the vertex, agreeing approximately with the upper two-thirds 
Fig. 10(a). The isoclinics perhaps show more clearly than any other argu- 
ment the effect the foundation the stresses the base region. The 


corners the models were rounded; with sharp corners, all isoclinics would 
represented each corner. 


4 
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Weight Forces (Correct Base Region this experiment the 
stresses were obtained near the base due the weight. Owing the loading 
difficulties only the stresses near the base and the foundation were deter- 
mined. The forces representing the weight the dam above the base were 
applied through single lever distributing the weight four points such 
manner that the resultant was correct the base. The isochromatics are 
plotted Fig. 12(a) near the base and the foundation. The photographic 
scale was 1:900, and the loading factor was 1.75, based 156-lb concrete. 

The stresses the actual dam would (see Fig. 12(a)): 


the boundaries, and hence, 


The experimental results near the base obtained substituting the fringe 
order, the boundaries Fig. 12(a) into Equation (82) are plotted 
Fig. 2(b) together with the theoretical values. will seen that the 
stresses obtained Part agree fairly well with the experimental results. 
interest note that the compression the down-stream corner 
considerable magnitude. 

The results Fig. can applied dam similar proportions, but 
height, H’, merely changing the stress scale the ratio, the 
concrete the new dam weighs per ft, the stress scale Fig. 2(b) 
changed further the ratio, 156: The stress concentration the base 
region the down-stream face, due weight, extends only short distance 
into the dam. 

The foundation was clamped between rubber gaskets the steel frame 
along three edges. This arrangement allowed elastic deformation take 
place produce, closely possible, the effect infinite half- 
plane. The photo-elastic results the foundation, course, are only valid 
the region near the base. 

the interpretation experimental results from model prototype 
important note that two-dimensional problems: (1) The stress distribu- 
tion independent the elastic properties; and (2) the stresses the pro- 
totype are directly proportional the stresses corresponding points the 
model. 

The discrepancy between the experimental and theoretical curves 
Fig. may due partly incorrectness the pressure, the 
fillet the model and partly slight shop error the radius the fillet. 
Other experiments with larger fillet radii showed much better agreement 
between experimental and theoretical values fillet stresses. Very small 
radii were used these experiments order produce closely possible 
the effect sharp corners. 
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Based the comparison between theory and photo-elastic experimentation 
the writer concludes that results obtained the foregoing application the 
mathematical theory for isotropic media which behave accordance with 
Hooke’s law are reasonably correct. remains only justify the application 
materials, such concrete masonry, which not strictly follow Hooke’s 
law. course, this can only done observations the field and 
testing laboratories. great many such data are already available, but 
beyond the scope this paper treat this subject. well placed 
system electrical strain-gauges was installed section Morris Dam 
which, time, will throw further light this point, the question 
shrinkage effects, and lateral stresses long gravity dams. 
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DISCUSSION 


Jun. Am. Soc. (by first solution 
for the stresses gravity dam based the equations the theory 
elasticity was given Lévy.” this solution holds only for 
infinite wedge and does not take into account the elastic action the base. 
Lévy’s solution coincides with the ordinary engineering methods for the 
determination the stresses triangular dams and, the same time, gives 
the law for the distribution the shearing stresses. Until recent times very 
little experimenal work has appeared English American engineering 
literature this important question. The experiments” Ottley, Bright- 
more, Wilson, and Gore made 1907, this type structure, were out- 
standing. the other hand, there have been many theoretical investigations 
and among the outstanding ones are those Vogt,” and 
The latter investigators have shown definitely that the influence the founda- 
tion cannot neglected and that the stresses the lower third the dam 
are greatly affected its elastic behavior. The author has pointed this 
fact and has furnished valuable tool the form the function given 
Equation (50), for the determination the qualitative effect the 
restraining action the base. This function important since furnishes 
infinite number free constants which may used satisfy any num- 
ber elastic stress conditions. Thus, seen that the stresses 
noted that Equation (43) solution Equation (3b) and, therefore, 
describes state stress which and compatible with 
Hooke’s law. 

This very important function may determined the usual methods 
for the solution partial differential equations when the form the solu- 
tion indicated the nature the problem. Consider the case 
rectangular plate” with its sides parallel the and OY-axes Fig. 
The stresses the sides, are described follows: 


Comptes Rendus, Vol. 127, 1898, pp. 10-15. For complete discussion concerning 
the stresses gravity dams, see “Stresses Gravity Dams the Principle 


Work”, Jakobsen, and the discussion thereon, Transactions, Am. Soc. 
Vol. 96 (1932), pp. 489-591. 


Minutes Proceedings, Inst. Vol. CLXXII, 1907-08 Session, Pt. 1908. 


“Zur Integration der Gleichumg durch polynome Falle des 
a. ee der Kaiserlichen Akademie der Wissenschaften in Wien, 1914. 
ol. 123, No. 2. 


»“Ueber die Berechnung der Fundamentdeformation”, Det Norske Videnkaps 
Akademi, Oslo, 1925. 


“Sulla del regime Levy nelle dighe del tipo Elettica, 
March and April, 1927. 


» 
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both cases, From the nature these given stresses and the 
shape the body, logical assume that the Airy function the form: 


which function only. Inserting Equation (84) into Equa- 
tion (3a) ordinary differential equation for obtained, follows: 


mar 


which The solution Equation (85) contains four constants 


integration which may determined from the boundary conditions 
expressed Equations (83) and (84). The solution Equation (85) is: 


The Airy function is: 


Similarly, when the structure dealt with bounded two concentric 
circles parts concentric circles and the loads the boundaries are 
expressed functions the angle, the form the Airy function 


which function the variable, only. Inserting Equation (88) 


into Equation (3b) ordinary differential equation obtained for The 
solution this equation yields the following Airy function.” 


n=2 


n=2 


which the constants integration are determined from the boundary 
conditions, 


Elasticity”, Timoshenko, Eng. Societies Monographs, 114. 
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The most suitable function for the stresses sharp corner, the type 
shown Fig. the form: 


F= sees (90) 


which function the variable, only. Insertion Equation (90) 
into Equation (3b) gives the following ordinary differential equation for 


The solution Equation (91) is: 


The constants integration and the values that remain deter- 
mined are obtained from the boundary conditions the faces, 
Expanding the terms Equation (92), the resulting formula identical 
with Equation (43) which and are constants integration 

tre 0—a set homogeneous linear equations obtained, namely; 


and, 


The simultaneous solution Equations (93) (96) gives only relations 


cot which values are identical with those the author. 
Furthermore, order that the constants may differ from zero, the following 
relation must hold true: 


means Equation (97) any number functions Equation (43), 
each with free constant, may obtained satisfy conditions bound- 
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The function expressed Equation (43) has appeared from time time 
special cases engineering literature, but general form, has been given. 
Westergaard, Am. has applied this type function 
when 360 degrees. The function took the following form, 


n 

n+ 


which the coefficients, Kn, are free constants. 


tunate that few practicing engineers are able make use many the 
more fundamental and more generalized stress functions. illustrating 
effectively one application the Airy stress function the author has performed 
difficult but exceptionally valuable service the profession. The writer 
wishes discuss Part the paper which describes the use photo-elastic 
studies determining the distribution principal and shearing stresses 
dams. This method analysis has many proper applications the field 
structural engineering and should more generally understood and used 
designing engineers. many cases, quite crude apparatus will give 
qualitative results great value. 

The author attention the difficulties encountered attempting 
simulate body forces (due weight and inertia) the model. writer 
has met this problem two ways. one study model was rotated together 
with slotted wheel giving effect. This method similar 
that suggested the paper and gave satisfactory results. The apparatus 
somewhat elaborate, however, and requires adjustment. 

much more direct solution may effected the use models made 
gelatin. This material may secured either “ground” “sheet” form, 
little cost. should soaked cold water for least and then 
heated temperature not more than 150° The concentration the 
solution can varied from about 50% (by weight), giving 
wide range the strength and stiffness the mass which solidifies upon 
cooling. The stress-strain-optical properties are such make the material 
quite suitable for studies when body forces are importance. 
These properties vary, however, the material ages, and 
therefore, make calibration tests the time the model tests. The writer 
has found concentrations from 20% most suitable for models 
gravity dams. Such models may have thicknesses great in., com- 
pared with fraction inch which common for models made bake- 
lite. This fact, together with the greater stress-optical sensitivity the 


ow 


Crack, Size the Crack, and the Bending Reinforced Concrete” 
Westergaard, Journal, Concrete Inst. 1933, 93. 


Prof., Structural Eng., Case School Applied Science, Cleveland, 
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material, makes easy the determination the stresses caused the weight 
the material itself. The use much larger models also made practical, 

The writer has made several studies using this type model. brief 
description one such study conducted co-operation with the 
Ohio, Office the Corps Engineers may general 
Major Arthur, Corps Engineers, Army, District Engineer, 
Kappen, Assoc. Am. Soc. E., Chief the Engineering Division, 
Alin, Am. Soc. E., Chief the Dams and Reservoirs 
sion, and Philippe, Director the Soils Laboratory, were responsible for 
the planning and conduct the tests. 

The structure under consideration was gravity type concrete dam. 
typical cross-section the spillway section shown Fig. 14. Two 
series photo-elastic model studies were 
made. models were used 
the first series, the procedure being very 
similar that outlined the author, 
except that vertical loads were applied 
simulate, successively, the proper 
intensity weight forces three differ- 
ent elevations (Elevation 850, Elevation 
870, and Elevation 890). Gelatin models 
constructed scale were used 
for the remaining studies. The weight 
the prototype was represented accu- 
rately the weight the model while 
the forces due water pressure were re- 
produced the use liquid having 
weight, pounds per cubic foot, bearing 
the same relation 62.4 that the 
unit weight the gelatin tested had the assumed unit weight the con- 
crete. Liquid pressures were applied directly the model through thin 
rubber diaphragm. believed that the external forces well the body 
forces were thus represented accurately. was possible study the changes 
the combined stresses the water level might rise the prototype from 
empty reservoir maximum flood level estimated this case Elevation 
931, which corresponds water over the top the spillway. 
varying the relative strength and stiffness the mass gelatin representing 
the foundation material, possible study the effect foundation 
materials varying strength characteristics upon the stresses near the base 
the dam. 

this case was especially desired determine the stresses the 
material around the openings for the air duct and inspection gallery, and 
the cut-off anchor wall which was provided because horizontal layers 
soapstone that occurred the foundation material. The results the 
tests were highly satisfactory, the final design steel reinforcement these 
points being based the test results. 
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and experimental analysis stresses dams due body forces and hydro- 
static pressure contained this paper. Undoubtedly, serves “to familiar- 
ize engineers with the use the Airy stress function for the solution prob- 
lems plane stress and plane strain 

Much has been published the United States concerning the optical 
principles involved the art stress analysis means polarized light 
and transparent materials, especially applied the determination 
stresses structural and machine elements. this respect, the paper does 
not add considerably the technique photo-elastic measurements. Further- 
more, the only experimental results offered are the boundary stress distribu- 
tion curves and photograph isoclinic band (which only serves give 
the direction the principal stresses along its path (Fig. 13)). The most 
useful patterns stress fringes, which give concrete idea the distribu- 
tion stresses the model under specific types loading, are omitted 
from the 

The method conducting the experimental investigation (that is, 
substituting body forces the model equivalent external loads) not 
accurate justify its general adoption. for this reason that 
Mr. Brahtz finds that certain cases (see following Equation (8)), the 
upper two-thirds the dam the stresses obtained agree with experimentation, 
and, other cases, the base region the boundary stresses are close agree- 
ment with the approximate methods used Part This indicates that for 
special case loading the stresses the entire field agree with those 
obtained theory. important objection the superposition method 
finding the resultant stresses (due (1) the weight the dam; (2) the 
vertical pressure water over the top the foundation; and (3) the lateral 
pressure water against the face the dam contact), that the prin- 
cipal stress orientations for the three different types loading are different. 
Consequently, the investigator must through tedious analytical and 
graphical solution, which leads results questionable precision. 

Mr. Brahtz suggests, “the easiest method would rotate the model 
and observe whenever passes through the optical field”. This exact 
method and has already been attempted with success similar problem, 
making use the centrifuge-polariscope apparatus developed Columbia 
University”, New York City. box containing the model retaining 
with sand acting back-fill, allowed rotate constant speed 
produce increased gravitational effects. steady image the stress fringes 
the model projected the screen means stroboscopic polarized 
light arrangement. The screen stationary ordinary polariscope 
transmission type. The model and the sand are oriented the box (see 
Fig. 15) such manner produce the structure the resultant effect 


Lecturer Civ. Eng., Columbia Univ., New York, 


Baldin, Civil Engineering, May, 287. 


Loe. cit., Fig. 288. 
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Fig. 15.—ARRANGEMENT MODEL AND SAND published Because 

THE CENTRIFUGAL MACHINE. the limited speed and 

length the rotating arm 

the centrifugal machine and the size the model made bakelite having 

moderate optical sensitivity applied stress, the number fringes produced 

the pattern are not sufficient for exact determination the stresses. 

new photo-elastic material”, having optical sensitivity about three times 

greater than that bakelite, would have permitted sufficient data secured 

from pattern obtained under similar conditions, for exact solution the 
problem. 


(as magnitude and 

tion principal stresses) 

the weight the dam, W,, 
the vertical pressure the 
sand, and the lateral 
thrust sand, fringe 
the stresses ob- 
tained this method, with 
bakelite model, and sand 
back-fill rotating speed 
1500 rpm centrifugal 
Rotating Arm field having gravitational 


Box with 
Glass Wallis 


Steel Plate 


Axis of Rotation 


knowledge gravity dam design the author has done immense amount 
work. Except, perhaps, for the multiple-arch, and the Ambursen types, 
the design dams not yet exact science, and there actual need for 
more work this field. 

The actual safety gravity dam made principally the following 
items: The weight acting downward the foundation opposing any tendency 
slide; the capacity the material withstand vertical tension and 
near the up-stream face; and the shearing strength the material, generally 
concrete. Since gravity dam known have failed crushing the 
material, dangerous compressive stresses apparently not develop that 
type; this also checks with theory. 

Since the vertical tensile strength the bond between horizontal joints 
very uncertain quantity, just the shearing strength such joints, 
although perhaps lesser extent, these items are ordinarily neglected, 
they should be, when computing the safety factor gravity dam. For such 
structure, the weight times the coefficient friction must greater than 
the water load, order give factor safety greater than one, when the 
structure acting strictly gravity dam. 


Civil Engineering, May, 1935, 290. 

December, 1935. 

Cons. Hydro-Elec. Engr., Berkeley, Calif. 
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The writer has recently had opportunity make studies pro- 
posed gravity dam, 173 high, triangular cross-section (top width, ft) 
having suggested base width 75% the height. this case, the water 
load divided the weight the section was 0.55. Since the coefficient 
friction may between 0.6 and 0.75, this section acting gravity dam 
may have factor safety between 1.09 and 1.36, provided there uplift 
and back-water. Such low factors safety would not considered any 
other kind structure. most well-built dams the factor safety may 
higher than the foregoing values indicate, but is, that fact will due 
the tensile and shearing strength the concrete and not gravity action. 

Tests have shown that stresses dams are not linearly dis- 
tributed generally assumed, but that tension does exist the up-stream 
face loaded dam and toward its junction with the foundation. These 
particular models had base width 77% the height. The existence 
tensile stresses the up-stream face loaded gravity dam was also shown 
Houk, Am. Soc. E.™ 

practical demonstration the more than probable existence tensile 
stresses the up-stream face loaded so-called gravity dam contained 
the record the failures gravity dams, with without curvature, 
during the last 136 yr, the average rate every yr. The best method 
for preventing such failures the future accept the existence these 
tensile stresses and provide gravity dams with wider section than 
customary present. 

The author shows section the Morris Dam the San Gabriel River, 
California. This dam would scarcely have any tension the up-stream 
face and near the foundation, since its base about 86% its height. 
With its Levy cross-section, this dam perhaps the most conservative 
gravity dam California, and, undoubtedly, safe under any condition, 
since the factor safety such section always will remain greater than 
one, without having depend upon any help from the tensile strength 
shearing strength the concrete. 

How far one can below Levy section matter judgment, but any 
reduction below such section will the expense the safety factor. 
Many engineers seem have unlimited faith any dam called gravity 
dam; undoubtedly, that confidence well placed when the base width 86% 
the height, but for base widths 66.6% the height—which consider- 
able number dams have—that confidence badly placed. The actual factor 
safety such section will depend upon the capacity the concrete 
take tension the up-stream face. Gravity action alone will not produce 


factor safety worth mentioning. 


Gore, Minutes Proceedings, Inst. E., Vol. 1907-08. 


Construction News, April 10, 1932, 190. 


ly 7 
e 
4 : 


1286 JORGENSEN STRESS FUNCTIONS AND PHOTO-ELASTICITY AND DAMS 


Whether arch action increases the stability gravity dam arched 
plan, and what extent, least winter, debatable question and one 
not easy answer. The question even disputed internationally. The 
French regulations for building dams discourage the practice curving 
gravity dams plan, whereas the Italian regulations encourage it. The 
Italian regulations even far not require contraction joints, 
whenever gravity dam curved plan. 

The latest dam failure was the Orba River, Italy, where gravity 
dam about high went out August 13, 1935, causing great loss life 
and property below it. cloudburst brought down more water than the 
spillways could take care and forced the surplus flow over the crest. 
The section the dam was quite ample for the normal water load, but not 
for the increased water load, which was estimated 50% above the normal. 
This shows that the factor safety could not have been more than 
1.50 from all sources, since this factor safety was completely cancelled 
50% increase the water load. 

When dam fails, there generally much more involved than just the 
cost the structure. especially important satisfy the worst condition 
stress distribution that can exist the structure, rather than the best. 
Several the recent gravity dam failures point the fact that tension does 
exist the up-stream face at, and near, the bottom loaded dam less 
than the Levy section. The assumption linear stress distribution, the 
author’s stress distribution, not the safe side, although fault can 
found with the mathematics the paper. was safe, several the recent 
gravity dam failures would not have happened. 

The earlier French regulations for building gravity dams contained the 
provision that, all points the up-stream face, such dam sections must 
have pressure least equal the water pressure. This requirement pro- 
duces the so-called Levy section having base width about 85% the 
height. The new rules allow smaller sections, but for full reservoir there 
must still compression the concrete the up-stream face. 

Especially when subject high-water pressure, concrete deteriorates 
with age, this deterioration being most marked the up-stream section, 
where water-soaked. many dams, deposits lime have been shoveled 
out the inspection galleries. This material can have come from other 
place than the section dam lying stream the gallery. The deteriora- 
tion most pernicious its effect the tensile strength, which most 
needed relatively this portion. the section slim that the factor 
safety depends any great degree the tensile strength the concrete, 
then the dam likely distress fairly early age. The best means 
avoid tensile stresses the up-stream face provide ample section. 
such section much less than Levy section, especially the 
part the dam, the factor safety will only uncertain amount greater 
than one, acting gravity dam. Sixty-eight failures gravity dams bear 
ample witness this fact. 
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the stresses due the weight the structure, proposed this 
paper, particularly valuable contribution the subject. The author 
commended, furthermore, for his able presentation the Airy stress 
function and its application the analysis civil engineering structures. 

the past the Airy stress function has been applied mainly the solution 
problems interest the mechanical engineer which the stresses due 
weight can neglected comparison with those set the applied 
loads. Another important point difference between the problem treated 
the author and those dealt with the literature elasticity lies the 
disparity cost between dam and the ordinary structural and machine 
elements. Because the solution all but the simplest problems elasticity 
involved and laborious, effort made obtain design formula that 
relatively easy apply and the side safety. This necessarily results 
the use more material which, large dam, might result consider- 
able increase cost. The author has developed approximate solution 
Application but recommends that its use limited preliminary 
work. 

Any variable which function two independent space variables can 
represented surface. The surface represented the Airy stress func- 
tion called the Airy surface. The curvatures and twists such surface 
using small for are given Equations (1) and hence afford geo- 
metrical representation the stresses. should noted that, this inter- 
pretation, the curvature the surface along any section related the 
normal stress acting across that section. Thus, the curvature point 
the direction parallel represents the stress, cy, that point. 

The condition that Equations (6) reduce Equations (7) that the 
plane tangent the Airy surface the origin. When body forces 
are acting, the value the Airy stress function, any point (by Equa- 
tion 7(c)), represents the moment the forces between the origin and the 
point about the point. Thus, the origin taken Fig. the moment 
the moment about the internal and external forces acting along 
any line connecting the origin with 

The Airy surface, therefore, two-dimensional analogue the familiar 
bending moment diagram. The slope the tangent line the surface any 
point represents the sum from the origin the point the perpen- 
dicular the tangent line. Thus, the Airy surface furnishes helpful means 
visualizing the moments, shears, and stresses the slab. 

The writer has been connected with the testing and analysis several 
models dams constructed compound commercial building plaster 
and diatomaceous earth, material very similar action concrete, but 
having much lower modulus elasticity. The models consisted thin 
slices from the central part the dam where they can considered being 
state plane strain. tested, the models were state plane 
stress. Under these conditions there direct correspondence between 


Assoc. Prof. Civ. Eng., Univ. Colorado, Boulder. Colo. 


q 
a 
the stresses the model and prototype, but not between the displacements 
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and the strains. (For the relations between displacements, see the author’s 
relating Equations (9) (12).) The strains due dead load 
and live load were measured four intersecting gauge lines points 
the dam and its foundation with optical strain-gauges. 

Vertical, horizontal, shearing, and principal stresses were computed from 
these strains and the elastic constants the material. The results these 
tests can not compared directly with those the author because they were 
not the same section, but they show the same trend action indicated 
Figs. and except that, due plastic flow the material the model 
under high stress, the high concentration stress the heel and toe the 
dam did not appear. 


Am. Soc. (by letter)—The use the Airy 
stress function dam engineering discussed this highly interesting and 
important paper. The writer’s attention has been especially attracted the 
determination stresses (Application IT). 

Limits Application the Stress Function Dam 
stated the “Introduction” the use the stress function restricted 
elastic isotropic materials. Granite basalt rock may considered elastic 
and, certain extent, isotropic; and, consequently, elastic theories may 
applied the case such foundations. The situation more complicated 
the foundation material sandstone, for example, since questionable 
whether all cases such material satisfies the conditions both elasticity 
and isotropy. the other hand, clay foundation would justify the appli- 
cation the stress function, whereas, the case glacial drift, such 
application would misleading since the actual stress distribution far 
different from the patterns given the theory elasticity. 

The use the stress function always limited the two-dimensional 
problem. other words, satisfactory results may expected from the appli- 
cation the stress function sections some distance from the ends 
the dam, but not otherwise. Near the ends, the problem three-dimensional, 
and the stress function not applicable. 

Within these limitations Mr. Brahtz has demonstrated, comprehensive 
and intelligent manner, that stresses dam foundation can determined 
means the stress function. still remains proved that they should 
thus determined and the writer rather pessimistic this respect. 

Stress Distribution Under can demonstrated that the 
value the stress, caused concentrated force, acting the boundary 
semi-infinite earth mass (Fig. 16), is: 


Equation (99) has been proposed John Am. Soc. 
and Dr. can developed without making use elastic 
Assoc, Soil Mechanics, School Yale Univ., New Haven, 
“Pressures Under John Griffith, Am. E., Engineering 


and Contracting, March, 1929, pp. 113-119; also, “Drukverdieling Bouwgrond”, 
Dr, Fréhlich, Ingenieur, April 15, 1932, 


a 
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theories. Hence, valid for any isotropic statistically isotropic body. 
The coefficient, the so-called “concentration factor”, and equal 


Fic. 16. Fie. 17. 


for the case isotropic elastic body which the value the reciprocal 
Poisson’s ratio, equal For this case Equation (99) becomes: 


Equation (100) may obtained from those developed 
assuming that two-dimensional analogue Equation (100) 


Michell’s expression for radial 


The plane stress distribution does not depend the value Poisson’s ratio, 
and Equation (101) holds the case any value that ratio. 

Concentrated Forces the Boundary problem connec- 
tion with Fig. the paper, the case two-dimensional elastic body, 
may treated the form general case (that is, for any three-dimen- 
sional body, statistically isotropic), applying Equation (99). 
the case horizontal force, the solution may written directly”: 
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and, 


two-dimensional analogue Equations (102) for the particular case 
which leads directly Equations (32) the paper. 


the same manner the stresses caused vertical force, acting the 
boundary are: 


and, 


For the case two-dimensional elastic mass the three-dimensional 
formulas (Equations (103)) may easily reduced those, given Mr. 
Brahtz immediately preceding Equation 

Uniform Load Distribution the Boundary Two-Dimensional Mass; 
“Angle problem uniformly distributed load acting 
the horizontal boundary mass may also solved applying the gen- 
eral formula, Equation (99). the purposes this discussion, two- 
dimensional elastic mass only will dealt with and Equation (101) will 
applied. Equations (38) and (89) Mr. Brahtz gives the values the 
stresses, and tz,y, functions two angles, and more 
convenient use single angle, (see Fig. 17). The angle, 
may termed the “angle visibility” since this the angle which 
hypothetical observer placed the given point, the mass, would see 
the foundation the mass were transparent. The writer understands that the 
conception the “angle visibility” was first introduced Professor 
Gersevanov.” Tracing circle arbitrary radius, with Point 
center, and considering elementary angle visibility, da, corresponding 
loaded element, N’, the boundary, the elementary stress, 
Point would be, using Equation (101): 


Were the mass cylindrical (that is, circular cross-section) with radius, 
and were the loaded normally with the unit load, the corre- 
sponding elementary stress, Point would be: 


Russian, in 1933). 


- 
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since this the force, da], acts normally the circular boundary 
the mass, and the angle, equals zero. Integrating Equations (104) and 
(105) through the entire angle, may stated that the sum the 
principal stress, Point proportional the “angle visibility”, 


also obvious that sum principal stresses point does not 
depend the shape the loaded surface provided the “angle visibility”, 
the loaded surface remains the same, and the surface question loaded 
uniformly and normally. 

may seen from Fig. that using the “angle visibility” asym- 
metrical loading problem (loaded surface, reduced symmetrical 
problem (loaded surface, No). This fact permits one state directly that 
the direction the major principal stress coincides with the bisector the 
“angle visibility.” well known that the proof this simple statement, 
given textbooks elasticity, rather complicated. 

Projecting all the elementary stresses, the normal plane, and 
integrating, the pressure normal that plane obtained. Thus: 


and, 


may seen from Fig. 18(a) that sin and cos are 
projections the element, da, horizontal and vertical planes, respec- 
tively. the same manner cos and sin are projections the 
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radius, (also horizontal and vertical planes, respectively). Designating 

the half area circle radius, and integrating (Fig. 18(b)): 


and, 


Projecting now the arc, No, the normal the bisector the “angle 
visibility”, the values the principal stresses, and may obtained, 
The minor principal stress, proportional the area between the chord, 
No, and the are, No. The major principal stress proportional the 
sum that area and the rectangle, No. Shearing stresses may 
easily obtained the same way. Thus, the determination stresses 
reduced simple measurement areas planimeter. This method may 
extended the case non-uniformly distributed vertical loads, which 
represents problem that almost impossible attack the use the 


19. 


stress function method. Fig. 19(a) illustrates the determination the stress, 
such case. Each ordinate the area, N’o No, multi- 


plied the ratio, the actual unit load, given point the 


foundation, standard unit load, 

horizontal force, and vertical, cot produce equal stresses 
given point which follows from simple inspection the formulas 
expressing the stresses, and The problem uniform distribution 
horizontal force, per unit length the distance, may thus 
reduced that non-uniform distribution the vertical unit 


‘MN 
Vertical Load 
N' 
° Slope a 
Piane 
/ N Plane 
7 
N' 


ti- 


es 
as 
us 


KRYNINE STRESS FUNCTIONS AND PHOTO-ELASTICITY AND DAMS 1293 


cot over the same distance, straight line drawn with its origin, 


the boundary the mass (Fig. 19(b)). The slope this line 


which the depth the given point, The “angle visibility”, would 
determine area, showing the law distribution the equivalent 
load over the distance, The problem afterward solved 
according Fig. thus avoiding Equations (34). The problem non- 
uniform distribution horizontal force, may also solved similar 
manner. 

Reservoir pressure determined Mr. Brahtz analytically, 
may readily found Fig. shows the graphic determina- 
tion the stress, the case long reservoir when one the sides 
the “angle visibility” practically horizontal. The stress question 
proportional the area, The value the radius, arbitrary. 

Value the Poisson Ratio Dam Foundation and Displacement 
author introduces the symbol, the Poisson ratio the 
material comprising the dam foundation. One the principles soil 
mechanics the incompressibility soil particles. other words, 
soil particle assumed capable change its shape, but not its 
volume, which case the value Poisson’s ratio would 0.5. the other 
hand, earth masses under action their own weight produce lateral pressure, 
and the ratio the lateral pressure the vertical, the “coefficient 
pressure rest”, may equal 0.25 0.20, for example. the elastic 

rest, the value would one-fifth one-sixth. Thus, substance would 
have two different values Poisson’s ratio, which obviously impossible. 
the writer’s opinion the conception “Poisson ratio” applied 
foundations, conveys correct idea only the elastic, dense rocks, 
such some granites basalts, and should not used other cases except, 
the case stiff clay foundations. 

the displacement formulas, such Equation (36) Equation (40), 
addition containing indefinite value the Poisson ratio, they 
are objectionable from the following points view: 


formula, used for determining this coefficient pressure 


have been developed under the assumption that the earth 
mass weightless and obeys Hooke’s law unconditionally. earth mass, 
however, has been under the action its own weight perhaps for millions 
years; elastic deformations have long since occurred, and the construc- 
tion dam involves not merely the application relatively light load 
for which Hooke’s law holds, but further considerable increase stress 
which, some depth, probably exceeds the elastic limit. such high ranges 
loading, deformations increase more rapidly than the corresponding loads, 
even perfectly elastic bodies, and the given case there danger 
under-estimating the value the displacement Equation (36) Equa- 


tion (40) used. Such under-estimation may termed “positive 
error.” 
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Second.—A displacement connotes movement, translation, matter. 
order move even molecule certain minimum energy 
Hence, logical assume that, certain distance from the load, 
displacement occurs which contrary the conditions Equations (36) 
and (40). This fact may cause “negative error.” 

Third.—It known from every-day practice that elastic displacements 
earth masses are accompanied irreversible movements such extent 
that the elastic rebound after unloading mass, sometimes reaches only 10% 
15% the original displacement. means has yet been devised for 
separating elastic, from inelastic, deformations; and only laboratory experi- 
ments furnish some bases for the extent the possible dis- 
placement. Positive and negative errors may compensate, and, some cases, 
the observed settlement found agree closely with the value computed 
elastic formulas; but means should this phenomenon accepted 
proof that such formulas would furnish satisfactory far dis- 
placements under any conceivable circumstances are concerned. 


Shearing Stresses; from shear mostly surface 
problem, and shear stresses are determined the upper the 
mass, close its boundary surface. There danger shear deeper 
strata, where either compression consolidation occurs. What matters 
this connection the maximum shearing stress, determined from the 
computed values principal stresses from isochromatics (see Fig. 12). 
The values the shearing stress, acting the horizontal plane (see 
heading “Application Foundations”) are but little interest 
for the designer foundation. 

Attention should called Fig. 12(a) which the shape isochromatics 
reveals the overloading the foundation dam near its edges. This dia- 
gram checks with photo-elastic experiments other investigators when 
punch pressed against two-dimensional elastic mass. should 
borne mind, however, that loading experiments with rigid earth masses 
(such sand) reveal overloading the center the base the structure. 
This induces one believe that isochromatics, shown Fig. 12(a), have 
restricted meaning only and should used when there absolutely doubt 
both elasticity and isotropy the foundations, which evidently not 
the general case. The same true Fig. 

mechanics, including the theory elasticity, has 
been developed for the most part find the answer practical questions. 
has happened that the attention the Engineering Profession principally 
directed toward machines and framed structures; hence the develop- 
ment mechanics the study such subjects beams, columns, shafts, 
plates, disks, The study “masses” bodies possessing three great 
dimensions has been relatively neglected. The masses, turn, may sub- 
divided into “unlimited” semi-infinite and “limited” masses. the study 
stress distribution semi-infinite masses there have been the works 
such investigators Boussinesq, Michell, Carothers, and, the past few 
years, number research workers soil mechanics. the study 
“limited” masses, such concrete masonry, notable progress has occurred 
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lately, mostly due research incidental the design dams, including 


photo-elasticity. the latter category, the paper Mr. Brahtz valuable 
contribution the study “limited” masses, and there every reason 
36) believe that his work along this line and his methods will used advantage 
not only the builders dams but also workers the allied fields 
engineering science, such soil mechanics. 
wishes express his appreciation for the many interesting discussions that 
have appeared. have been high caliber, and illustrate the fact 
that engineers are getting away from antiquated rules thumb. With 
fuller realization the importance two-dimensional stress problems, they 


are attacking such problems with open minds, more and more leaning toward 
the theory elasticity and its co-partner, photo-elasticity. This inquisitive 


and open-minded attitude decidedly encouraging. Only thus can the 

profession advance. 
reviewing the discussions, those pertaining theory will considered 
first. 
Mr. Silverman refers to, and very clearly demonstrates, the usual method 
for obtaining solutions the differential equation (Equations (3)) 
product two functions, each which function only one the 
Equation (44) the paper, this method was purposely not employed, order 
demonstrate the use the general expression, Equation (4). separating 

Equation (4) into its real and imaginary parts, both which will solu- 
tions Equations (3), either Cartesian polar co-ordinates may used 
respectively. fact, the stress components and displacements are often 
obtained most easily carrying out the differentiations the stress function 
form before taking real imaginary parts. this connection, 
complex function and consider the real part only; then: 

and, 


“With the Bureau Reclamation, Denver, Colo. 
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Altogether, the theory functions complex variable has proved 
extremely useful and expedient two-dimensional stress analysis. 

noted that the first function Equation (4) 
the last three are not, and must treated products 
tions and respectively, carrying out the differentiations. 

again emphasized that many methods are available for finding solu- 
tions Equations (3). The trick find the proper combination 
solutions which satisfies the given boundary conditions. Unfortunately, 
general method available for this purpose. the other hand, such 
solution has been found some manner, fortunate know that 
unique. 

other words, find the solution for given two-dimensional elastic 
problem necessary try this that combination known 
(those which satisfy Equations (3)). the solution finally obtained—often 
after days weeks hard labor—the writer generally must resort 
phrase, such “consider the following function”, and then merely prove 
that does satisfy all the conditions the problem without being able 
explain just how obtained the function. This often leaves the reader with 
the impression that the writer possesses some mysterious technique, which 
not all the case. 

The value the Airy stress function the practical engineer begins 
with intimate knowledge the few known simple exact mathematical 
solutions and the ability combine them such manner give good 
approximate solution the problem hand. rule, exact mathemati- 
practical use. Indeed, the assumptions that must made the physical 
properties and behavior the materials involved practical constructions 
are generally such preclude exact solution any practical problem. 
should understood that best only close estimate the stresses 
the actual structure can expected even from the most careful mathematical 
analysis photo-elastic experimentation. 

The solutions and formulas presented the writer hold strictly only 
under the assumptions stated the “Introduction.” practice these assump- 
tions are never completely fulfilled. fact, some instances, impos- 
sible ever determine the real properties. This especially true the case 
foundations. 

Professor Krynine treats this subject his excellent discussion and points 
out the various materials for which elastic statistical isotropy may assumed 
and others which may not. This should serve valuable guide for the 
designer foundations. 

The writer has dealt only with elastic media, plain stress plain strain. 
Professor Krynine has made valuable contribution extending the theory 
foundations three-dimensional plastic media. The apparent ambiguity 
the value Poisson’s ratio, for the foundation treated Professor 
Krynine ceases exist when again remembered that the formulas only 
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hold for elastic media plain stress strain. that case, assumption 
made the incompressibility soil particles. 

computing stresses semi-infinite (three-dimensional) solid due 
its own weight, uniformly distributed surface loading, com- 
bination both loadings, would proper specify the horizontal strains 
equal zero. This gives rise the 


which the vertical stress equal the total load above the point, 


The displacement formulas presented the writer are useful for the analy- 
sis long straight gravity dam elastic quasi-elastic foundation, 
even the elastic modulus the dam itself differs from that the founda- 
tion. The method procedure this problem was outlined under Case 
the paper. Numerical results have been developed shown graphically 
Fig. 20. The curves were obtained connection with study Grand 


Normal Stress, in Pounds per Square 
inch; Upstream Face of Dam 


(a) DISTRIBUTION OF NORMAL STRESS oy ON BASE 
(Mass + Water) 


Shear in Pounds per Square 
Inch; Upstream Face of Dam 
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Coulee Dam (440 high), with up-stream slope 0.15, down-stream 
slope 0.8, and with weighing 156 per ft. The curves indi- 
cate qualitatively the tendencies distribution the base the foundation 
stiffens relative the dam. The analysis did not take into consideration the 
stress concentrations near the heel and the toe. interest notice 
the general agreement between the curves for rigid foundation 
and those obtained Mr. 


Bulletin 117, Eng. Experiment Station, pp. 39-43. 
Transactions, Am, Soc. E., Vol. (1932), 489. 
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Professor Bergman points out lucid manner the physical interpreta- 
tion the curvatures the Airy surface. These properties are used 
the “slab analogy”, experimental method which stresses two-dimen- 
sional problem can obtained measuring curvatures and twists 
warped elastic slab. This possible since the differential equation (Equa- 
tions the Airy elastic stress function, has the same form 
the differential equation for the normal displacements, warped 
elastic slab, when the curvatures are held low magnitude. This 
means that the curvatures must measured means microscopes cor- 
respondingly sensitive measuring devices. the analogy, the curvature 
the slab any point proportional the normal stress perpendicular 
direction the prototype, and the twist any point proportional the 
corresponding shear. Naturally, the slab must warped twists and curva- 
tures the boundaries that are themselves proportional the boundary forces 
acting the prototype. 

Professor Bergman has been closely connected with model experiments 
conducted dams the Bureau Reclamation, the University 
Colorado, under the direction Ivan Houk, Am. Soc. 
indeed gratifying contemplate the testimony Professor Bergman that 
good general agreement exists between the theoretical results presented 
the writer and this type experimentation. That the stress concentrations 
sharp corners were, large extent, relieved plastic flow was 
expected. deriving the approximate formulas for fillets the writer did 
order able design fillet with safe elastic stress distribution 
without recourse plastic time-flow which very little known under 
alternating load conditions. 

the “Introduction” the paper the writer stated specifically that the 
intention was not set design criteria, and that the question uplift 
was disregarded, except assume that sufficient compression must exist 
counteract the effect uplift liquid pore pressure. correct, therefore, 
apply the theoretical results only dam sections which this true, 
least where the resulting tension not sufficient cause rupture. con- 
nection with this question, Mr. Jorgensen cites several dam failures and 
shows that, all cases, the total effective slope (up-stream plus down-stream 

was far less than the slopes called for the Lévy criterion. doubt, 
the question internal liquid pressures concrete great importance. 
Theoretical studies are now being made the writer for the purpose deter- 
mining the effect pore pressure the stresses structures. 
real headway can made application practical structures until the ques- 
tion “contact area” between particles has been settled experimentally for 
various concrete mixtures. Experiments that end have been inaugurated 
the laboratories the Bureau Reclamation. Some work has already 
been done this field various but there seems wide 
difference opinion; fact, the value given for effective contact area varies 


* Transactions, Am. Soc. C. E., Vol. 99 (1934), p. 1052. 
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from per cent. Until the question settled beyond doubt would 
seem necessary, then, assume the contact area practically zero, which 
means that full uplift must assumed exist. Assume, for example, that 
triangular uplift pressure exists the base, equal the full reservoir head 
the heel and zero the toe (which reasonable for nearly impervious dam 
pervious foundation), and apply this the study Grand Coulee 
Dam shown Fig. will found that the vertical normal stresses 
(Fig. near the up-stream face and the horizontal normal stresses 
the same region the foundation, Fig. 6(b)) both become tension. The final 
section Grand Coulee Dam has been designed with up-stream slope 
0.15 and down-stream slope 0.8. 

will noticed Fig. 6(a) that the vertical normal compression stress 
near the heel considerably less than that computed the straight-line 
formula (Lévy). This would more than bear out Mr. Jorgensen’s contention, 
and would indicate that, due the restraint the foundation, section even 
heavier than the Lévy cross-section needed cases rather rigid founda- 
tions the experiments confirm the evidence that full uplift must applied 
the dam. This contention still more true earthquake accelerations 
are considered and the situation further aggravated shrinkage 
stresses. 

Fig. 20(a) would indicate that the ratio, between the elastic moduli 
the foundation and the dam has important influence the stress situation 
the heel. Further studies along this line should made that this 
seemingly important effect can taken into consideration the design 
the minimum section given foundation. The approximations made the 
analysis underlying Fig. were such indicate that the curves for 
0.5 deviate slightly too much from the Lévy line. 

theoretical study the situation around the heel, which open 
was assumed exist under full uplift, demanded effective total 
slope 0.87 (with concrete) for stability. 

Mr. Jorgensen also touches upon the subject curved gravity dams. The 
problem three-dimensional, that the individual case must dealt with 
separately. The writer has opinion offer the subject. Studies made 
Mr. Jakobsen seem justify the impression that the only point favor 
curvature without arch action public psychology. 

Parts and the paper were presented two separate 
manuscripts. was finally deemed advisable combine them, and with 
the limitation set single paper, became necessary reduce both. Con- 
sequently, only sufficient description was retained the photo-elastic material 
show general methods and give the necessary checks the theoretical 
results obtained Part Furthermore, the work was conducted 
early 1931-1932 and much improved technique has been introduced since 
then. Reference Fig. will show that large spherical reflectors were used 
instead the more expensive lenses, and that the polarizing unit 


offset from the analyzing unit, thus providing convenient large space for the 
model and 


Review Scientific Instruments, February, 1934, pp. 80-83. 
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The important features the two discussions dealing with Part are the 
methods for the determination stresses due body forces. interest 
note that Professor Plummer and Mr. Solakian have developed the centri- 


Fic. 21.—View or PxHoTo-Evastic LABORATORY, CALIFORNIA INSTITUTE OF TECHNOLOGY. 


fugal method independently. Professor Plummer finds that the method gives 
good results, but that requires elaborate apparatus and very careful adjust- 
ments, and prefers the direct-loading method described his very excellent 
discussion and developed co-operation with the Corps Engineers, 
Zanesville, Ohio. Professor Plummer gives new and valuable information 
the preparation gelatin models. the optical creep this very 
optically sensitive substance will not prevent reliable calibration, the writer 
believes will inestimable value experimentation, 
especially foundations and related problems. 

The writer has adopted the ingenious method, suggested Dr. Biot, 
loading the boundaries with normal force distributions equal 
which equal the weight the material the prototype, and 
the distance from the point the boundary measured the direction the 
body convenient line perpendicular that This loading will 
deliver the correct isochromatics and isoclinics due body forces. 

Let the principal stresses obtained from the foregoing loading and 
then, the actual stresses point due body force will be. 


and, 
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which the ordinate the point measured the same system 
The correctness this method can proved directly use the Airy 
stress function. has been used extensively and very successfully the 
photo-elastic laboratory the Bureau Reclamation. 

Mr. Solakian objects the method superposition water loads and 
body forces. matter fact, the case dams and many other civil 
engineering structures, both sets stresses are usually required separately, 
either for design purposes strains are measured the prototype 
due water load (live load) only. 

conclusion, the writer wishes announce the construction new 
photo-elastic interferometer for the Bureau Reclamation which the indi- 
vidual principal stresses point can found directly. will mark 
new advance technique which promises considerable time-saving. The 
apparatus was designed John Soehrens, Jun. Am. Soc. E., the photo- 
elastic laboratory, and was built under his supervision. 
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Paper No. 1950 


FLOOD AND EROSION CONTROL PROBLEMS AND 
THEIR SOLUTION 


Synopsis 


The flood and erosion control problems treated this paper occur highly 
developed areas where there relatively low seasonal run-off; these areas, 
however, are subject brief, although violent, torrential storms, that result 
floods exceptionally high intensity. When fires denude the sparse 
vegetation from steep mountain slopes the flood intensities increase and 
added débris hazards occur, due erosion. 

precipitation and run-off records are given this paper, are 
engineering methods constructing hydrographs expected floods, and 
the regulation needed for control. Similarly, measurements erosion quan- 
tities are presented with suggested solutions control and method 
avoiding unnecessary capital expenditures advance requirements. The 
incidental conservation flood waters for domestic use and for irrigation 
discussed. 


INTRODUCTION 


Los Angeles County California, with population about 
(of whom more than 85% are residents cities), covers area 4115 
miles. Its population increase has been nearly 180% since the last major 
flood (1914), and assessed property values rose, the same period (1914 
1931), from more than $4000000000. The County’s petro- 
leum, agricultural, motion picture, and manufacturing industries have 


NotTe.—Published in September, 1935, Proceedings. 
Engr., Los Angeles, Calif. 
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aggregate annual value more than $1000000000. estimated that 
only the present population have experienced, have realization of, 
the 1914 flood. 

Property valued more than $300000000 and containing 380000 per- 
sons, subject possible inundation due Hazards may classi- 
fied under two main heads: The main valleys and coastal plains are subject 
inundation either the overflow present channels the departure 
the rivers from existing new locations; and, the foot-hill areas, the 
perils are from sudden flash floods, and débris flows, particularly following 
water-shed denudation fires. Valley inundation may anticipated, 
least hours, from distant mountain rainfall records. débris flows 
may result burned catchment areas, after becoming saturated with water, 
are subjected high-intensity storms. Such flow occurs without warning 
and may follow storms high intensity cloudbursts, almost immediately. 

The factors that combine menace life and property this region are: 
(a) Exceptionally precipitous gradients; (b) short mountain streams; (c) the 
unstable character deep weathered mountain cover held from erosion 
sparse vegetation; and (d) the violent torrential storms. Pro- 
tection from floods may operate conserve the average annual 120000 
acre-ft flood water that now wasted. 

The paper describes physical conditions and methods solving problems, 
especially those dealing with the relatively new engineering field erosion 
control. Necessarily, full details cannot included, but the foot-note 
references serve bibliography public reports. 


the 4115 miles that constitute Los Angeles County, 70%, 
miles, included the south slopes which drain the Ocean 
(see Fig. 1). The area comprises 1589 miles mountain water-shed 
(809 miles which Federal forests); 285 miles small water- 
sheds; and 884 miles valley plains sloping toward the ocean. About 
acres valley land under irrigation, and 235000 acres devoted 
industrial and domestic purposes. 

The high mountain areas form northern boundary approximately 
miles, crest length, from which the two major collecting rivers—the San 
Gabriel and Los Angeles—originate and, after traversing the valleys, they 
converge and discharge into the ocean points only six miles apart. Moun- 
tain peaks rise Elevation 10080 (United States Geological Survey datum). 
The main rivers are forced converge the foot-hills that project 
the plains—the Santa Monica hills from the west and the Puente and San 
José hills from the east. 

The San Gabriel River has tributary drainage about 800 miles 
and the Los Angeles River one about 900 miles. The largest catchment 
the San Gabriel River 213 miles the San Gabriel water-shed; 
that the Los Angeles River the Big and Little Tujunga water- 
sheds with 137 miles. The remaining drainages both rivers are made 


Plan for Flood Control and Conservation,” Eaton, 1931. 
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numerous small streams originating more than 100 mountain and 
foot-hill water-sheds ranging size from 0.5 mile miles. 

third drainage system Ballona Creek fed from 134 miles, its 
principal supply being the run-off from the streets Los Angeles, Holly- 
wood, and Beverly Hills, transported Ballona Creek through storm drains. 
Its ocean outlet near Venice, Calif. fourth drainage Nigger Slough, 
similarly deriving its main supply from impervious areas. Its discharge 
point near San Pedro, Calif. 

Along the coast from Venice westward the Los Angeles County line 
about twenty individual streams flow directly into the Ocean. The 
largest are Malibu Creek, with drainage area miles; Topanga Creek 
(20 miles), and Mandeville, Rustic, and Sullivan Canyons (12 miles), 
the latter group passing through Santa Monica, Calif. 

Mountain and foot-hill drainages have well-defined canyon channels 
precipitous grades 30%, sharply flattening from 10% where they 
debouch unstable delta areas. many instances cones show little evi- 
dence active channels, and, during the dry cycle (1914 1931), home sites 
were sold readily foot-hill territories real estate agents who were them- 
selves possibly ignorant hazards. Normally, mountain and foot-hill water- 
sheds are covered with chaparral type vegetation, efficiently functioning 
retarders flood flows and controlling erosion. 


Historic 


The most recent major floods occurred 1914 and 1916. 1914 there 
were two storm periods: One January 25, with maximum intensity 
2.6 in. hr; and the other February 18, with intensity 4.26 in. 
Exclusive harbor damages the estimated loss from these two floods was 
000. Conservatively estimated representative flood peaks 
shown Table Many lives were lost, thousands people were made 


TABLE Peak 


Peak run-off, 


Stream Drainage area, cubic feet per 
in square miles second per square 
mile 


homeless, thirty-five bridges were destroyed, and, for six days, there was little 
communication with the outside world. 

Engineers concede that this was means record flood. During pre- 
vious floods within 70-yr period, main rivers have materially changed their 
courses, the Los Angeles River changing from westerly southwesterly, 
and the San Gabriel River cutting its new channel from miles south- 


Board Engrs. Flood Control the Los Angeles County Board 
Supervisors, January 25, 1917. by H. Hawgood, Charles T. Leeds, J. B. Lippincott, and 
Olmsted, Members, Am. Soc. 
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easterly. new river, the Rio Hondo, cut its way and connected the San 
Gabriel and the Los Angeles River. 

Early settlers testify the occurrence severe floods 1815, and again 
1825, and, successively, five major flood periods are recorded 1861-62, 
1884, 1886, 1889, and 

During the unparalleled dry period, 1916 1931, rapid development altered 
conditions radically, crowding former channel and ponding areas. The 
increased development paving and impervious areas alone, totaling more 
than miles, has the rates and quantities run-off, and 
decreased the natural absorption and consequent replenishment subter- 
ranean storages. 

curve prepared 1931 (see Fig. shows past trends seasonal rain- 
fall. After this curve was plotted prediction was made uptrend into 
wet cycle with increasing wet periods, comparable the period, 1881-90, 
which interval one more major floods would 


LEGEND 
Genera! Trend 
Los Angeles, U.S. Weather Bureau Record 
Glendora, J.J. West Record 
Colby Ranch Record 
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2.—GENERAL TREND, SEASONAL RAINFALL. 


co-ordinated system 237 rainfall and 197 run-off stations was installed 
the Los Angeles County Flood Control District commencing 1927. The 
more important stations were equipped with recorders. The year, 1931-32, 
not year general flood, had valley rainfall totaling 114% the normal, 
that the mountains totaling 118% its normal. The seasonal run-off 
from the San Gabriel River exceeded the combined run-off the three pre- 
vious years. Summarized records from three drainages follow: (a) San 
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Gabriel-West Fork—area, miles; (b) Little Tujunga Creek—area, 
miles; and, (c) Ballona Creek—area, 112 miles. 

The San Gabriel and Tujunga water-sheds are mountain catchments with 
cover good condition. The San Gabriel water-shed was burned 1924, 
but its brush growth now restored. The Tujunga water-shed has 
not been burned since 1919. Ballona Creek different character, drain- 
ing flat valley territory, including street drainage from Los Angeles, Holly- 
wood, and Beverly Hills. 

The season (1931-32) contained two storm periods, one December, 1931, 
and the other February, 1932. Table gives the distribution precipita- 


Maximum Ratio: 
From: | To: in inches percentage 
(a) San Gasriet WatTer-SHED 

October December 14.10 3.50 0.35 2.5 
December January 8.2 5.04 1.12 13.7 
Total for first storm 22.30 1.47 

January February 7 7 10.36 5.30 1.13 

February February 28 8 12.45 4.54 5.06 

March May 1 5 1.23 0.67 1.39 

Total for second storm period. 24.04 8.08 33.7 

(b) 
October December 5.15 1.55 Practically none 
December 25 | January 2 4 7.00 2.75 0.12 Pm 
Total for first storm period. 12.15 0.12 1.0 
January February 5.64 2.10 0.12 2.1 
February February 4.41 1.15 1.38 31.3 
Total for second storm period. 14 10.05 ies 1.50 15.0 
(c) 

October December 4.85 1.95 0.87 18.0 
December January 3.40 2.09 0.88 26.0 
Total for first storm period... 8.25 1.75 21.0 
January February 3.43 1.94 0.54 15.7 
February February 4.55 1.95 1.23 27.0 
Total for second storm period. 7.98 22.0 


tion, maximum 24-hr intensities, and the resulting run-off. The distribution 
the San Gabriel run-off was affected snow. There was in. snow 
above Elevation 4000 during December, 1931; and in., during January, 
1932; the snow disappeared February 26, 1932. 

Both mountain catchments (particularly the Little Tujunga, the flow 
which was not affected snowfall), show the relatively large proportion 
annual precipitation required produce sufficient saturation permit run- 
off. Mountain and foot-hill catchments are deeply covered with weathered 
material, ranging from the porous disintegrated granites the less porous 
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soils with higher clay content; consequently, separate values for any water- 
shed under consideration must determined. The flood flows will depend 
upon: (1) Slopes, character soils and cover (organic growth, litter, 
(2) the quantity and rate rainfall required produce saturation; (8) the 
24-hr and 1-hr intensities; and (4) how closely the high-intensity storms 
follow upon the saturation period. 

the Little Tujunga water-shed from February 10, 1932, the rains 
totaled 5.13 in. with 24-hr intensities, three consecutive days, 2.10, 1.10, 
and 1.15 in. The run-off the succeeding five days totaled 1.05 
ratio run-off rainfall, —20 per cent. 

both mountain catchments total in. rainfall was required 
before appreciable run-off occurred. Contrasted with this the relatively 
quick response run-off rainfall Ballona Creek. total rain 0.17 in. 
was followed (November 15, 1931) 24-hr rain 0.96 in., which 17% 
appeared few hours run-off. Table shows the rainfall-run-off rela- 
tion for maximum month, day, and hour, for the three catchments. 


inches inches inches run-off} inches inches run-off 


San 19.74 5.8 3.80 1.58 0.69 


Little Tujunga 7.71 1.47 19 2.10 0.48 23 siete inae 
Ballona Creek 5.95 1.36 23 2.09 0.60 28 0.27 26 


representative number scattered records 24-hr and corresponding 
1-hr intensities given Table 


INTENSITIES 


Elevation, Twenty-Four Hour 
Years feet (U.S One-hour 
inches 

Survey) Date inches 


| 


eee eer 17 4 480 4— 5-26 12.30 2.00 
30 5 850 12-19-21 11.26 1.10 
San Gabriel Intake......... ‘a 1 250 4- 5-26 6.76 1.16 
3 400 2-15-27 5.58 0.87 
Coldbrook Camp........... 300 5-26 6.44 0.76 


Studies the Big Tujunga water-shed are given herein, showing method 
computing possible flood flows, the results, and the regulation required. 
This catchment, yet only partly controlled, the largest individual tribu- 
tary the Los Angeles River drainage. Its control necessity because 
the flood hazard the thousands living adjacent the Tujunga Wash and 
those living along the Lower Los Angeles River. That most these people 
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have not, personally, observed conditions causing accompanying major 
flood makes the hazard none the less real. 

The Big Tujunga drainage area above the Geological Survey gauging 
station miles stream from the mouth the canyon) 106 miles: 
the mouth the canyon 113.5 miles; and dam site farthest 
down stream miles below the canyon mouth), 124.5 miles. Its average 
width miles. The range elevation from 250 the canyon mouth 
the highest peak, Pacifico Mountain, 078 (U. Geological Survey). 

Rainfall records are available thirteen stations in, applicable to, the 
drainage. The longest dates back 1872; the shortest 1902. The 
Geological Survey has gauged the stream only since October 28, 1916, but, 
fortunately, long-time records are available the contiguous San Gabriel 
water-shed. computing the probable flood peak the procedure was 
described the following paragraphs.‘ 
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Note: 
Run-off Season Ends Sept. 31, 
of Year Designated 
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Fic. WATER-SHED—INDICATED SEASONAL RUN-OFF, 
INCHES 

correlation was prepared from the longer rainfall-run-off records the 
San Gabriel water-shed. The results, together with actual Tujunga records, 
were plotted against the master indices mean seasonal rainfall and are 
shown Fig. which the seasonal run-off expressed depth, inches, 


the water-shed. 


Big Tujunga Creek Flood Control and Conservation Possibilities, 
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Table summarization the results. its preparation, the curve, 
Fig. was used provide the values Columu (5) only when actual, 


the correlated, records were not summarized, Table gave the 
following: 


Seasonal Run-Off, Inches Depth: 


Seasonal Rainfall, Inches Depth (Composite 
for Tujunga Water-Shed) 


Ratio Run-Off Rainfall, Percentage: 


Fifty-eight year average.............. 


Rainfall indices tor years largest flows are shown Fig. arriving 
the expectancy major flood was decided use the flood 1883-84 
criterion for protection, because all indications pointed that year 
the one major flood the 58-yr period. 
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4.—RAINFALL INDICES FOR YEARS LARGE FLOODS. 


The mountain soil cover disintegrated great depth; practically 
rain falls between May and October, both inclusive; and hydrographic experi- 
ence has shown that this area total about in. rainfall causes 
saturation. this closely followed high-intensity storms, floods are 
inevitable, the magnitude rising rapidly with increasing intensities. 
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(Flow Dam Site No. Drainage Area, 124.5 Square Miles) 


Season seasonal 


(2) 


100 
Maximum 1883-84| 
Minimum 1876-77 25 


Precipi- 


tation |Ratio 


orbs 


NWR RON 


SEasonaL Dis- 
CHARGE, UNITED 
States GEOLOGICAL 

Survey Gavcina 


inches, | to rain- 
fall, 

1 to Sep-| percent- 
tember age 

(3) (4) 
26.5 
42.3 
38.8 
47.8 
6.8 
30.3 
15.3 
32.0 
18.8 
18.8 
19.1 
65.8 
13.9 
39.1 
23.5 
29.8 
35.8 

59.0 
24.9 
20.2 
41.5 
12.9 
32.0 
14.8 
29.8 
11.8 
9.0 
14.8 
29.0 
17.2 
33.9 
14.2 
34.7 
34.4 
42.1 
26.0 
31.4 
25.1 
33.9 
21.0 10 
21.6 
44.3 25 
33.1 
35.2 
24.3 ll 
26.0 
18.9 
23.5 
27.6 
40.7 
20.8 
13.1 
16.7 
32.8 
32.2 
16.4 
19.1 
20.0 
27.3 
65.8 
6.8 
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Correlated 
able from the San 
run-off Gabriel, 
United Measured 
States 
Geological 
Survey 
(6) (7) (8) (9) 
187 
386 
3 
18 
657 251 660 
38 14 600 
21 7 970 
244 93 620 
5 2 000 
85 32 530 
7 2 660 
68 25 900 
5 2 000 
3 1 330 
7 
12 
58 22 040 
ll 4 050 
91 34 860 
144 55 180 2 
281 107 600 01650 | ..... 
37 14 000 Gee 
107 41 000 Gee 
75 28 600 | 24350 | ..... 
192 73 500 | 62 565 | ...... 
39 14900 | 12750 | ..... 
22 
200 76 500 | 65490 | ..... 
73 28000 | 23905 | ..... 
172 66000 5680 | ..... 
46 17 500 15 000 
68 26 000 22 200 
17 6 700 5 730 
51 16 600 
32 . 10 500 
313 | 2 eer 103 000 
ll 3 67 
11 3 700 
60 19 500 
33 10 794 
13 4 130 
13 4 350 
nana’ 2 222 290 490 505 236 315 
100 38 315 35 036 16 880 
827 316 700 91 650 103 000 
1 330 3 428 2 441 


Index in| run-off Run-off 
depth, 
wetness inches. 
(5) 
97 
155 
142 
See 175 
25 
111 
56 
69 
69 
| 241 
51 
143 
| 86 
109 
131 
216 a7. | 
91 2. | 
47 0. 
117 4. 
OF 0. | 
109 3. | 
43 0. 
33 0. 
54 
106 
63 
124 
52 
127 25 
126 31 
a 154 21 
95 13 
ae 115 20 
92 
124 
79 
79 
162 
121 
129 
89 
95 
69 
86 
101 
149 
76 
48 
61 bY 
120 
118 
60 
70 
1929-1930........ 73 
Summary: 
Total” | 
5.8 
47.7 
0.2 
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Although would possible, under conditions concentrated 
high intensity, for flood occur season index less than 100, 
ordinarily the distribution such that years having indices less than 
120 would seldom produce large floods; those with indices high 130 170 
would almost invariably produce large floods; and indices above 200 represent 
much rainfall that major floods would inevitable. 

computing probable flood flow quantities necessary, therefore, 
examine not only daily precipitation records but hourly intensities. Results 
studies probable maximum 24-hr precipitation frequency once 
are shown shaded zones Fig. Like studies maximum 
sustained intensities, inches per hour, are designated lines and quan- 
tities also Fig. 

value for the possible 24-hr rainfall averaging 10.4 in. over the catch- 
ment, was adopted well hourly intensities ranging from 1.8 2.7 in. 
various parts the same water-shed. Isolated instances exist small zones 
24-hr precipitation excess in., but was not expected that this 
quantity would general over the entire water-shed. 
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Further experience showed that critical 4-day storm may expected, 
and that the run-off during that storm will not exceed 50% the total 
seasonal run-off. Percentage ratios maximum 4-day flows seasonal run- 
off for the same years, are: 


Year Percentage ratio Year Percentage ratio 


The flows from 1906 1916, inclusive, are derived correlation 
San Gabriel records, and the remainder are from actual records. 

know the effect the lesser peak flows that will immediately precede the major 
flood peak. Daily discharges were plotted for critical periods during seven 
successive days number water-sheds where rainfall-run-off records 
were available, which indicated that 4-day hydrograph would involve 
extensive period would materially affect flood storage; from such records 
the relation successive peak flows was derived. The estimated distribution 
run-off during 4-day period the Big Tujunga water-shed given 
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Four-Day 


Flood day Run-off, Rainfall, Run-off, Ratio: 
in acre-feet in inches in incbes to rainfall 


Maximum day 30 026 
One day preceding... . ‘4 23 236 
Two days preceding. . 4 13 316 
Three days preceding... . : 5 884 


462 


Table The successive peaks are shown Fig. The quantities refer 
estimated flows point six miles down stream from the mouth the can- 
yon Dam Site No. 


Fic. 6.—CoNsTRUCTION OF Four-Day HyproGRapPn. 


The 30000 acre-ft one day equivalent 241 acre-ft per mile 


per mile; and the ratio 4-day seasonal run-off per 


cent. All the values appear reasonable and quite readily obtainable during 
year excess precipitation. 

Five reservoir sites are available the canyon and below its mouth. 
Operation studies were made all combinations resulting decision that 
regulating storage totaling 360 acre-ft would reduce the flood peak 300 
equivalent $125 per per sec, regulation affected. This regu- 
lating storage can created dams three locations, developing capacities 
240, and 950 acre-ft, respectively. 


Erosion Erosion 
Erosion, this instance, defined the washing loose material from 
weathered mountain and foot-hill areas, and its deposition upon the lower 
valley floors. results from the same, still active, natural forces that have 
been building up, gradually, the valleys many thousands feet depth. 
The removed material when being transported from its original source and 
after deposition commonly called “débris.” 
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Rates débris movements (where mountain slopes are steep) depend pri- 
marily the condition natural mountain vegetative cover. Destruction 
this protective cover fires, otherwise, will permit enormous débris 
flows result from rainfall intensities which would create, normally, but 
small débris movement. This abnormal condition diminishes with re-growth 
Nature’s protective covering, which often slow process, since erosion 
has partly removed the top-soil capable supporting vegetation. 


Excessive débris waves first affect the lives and property foot-hill resi- 
dents. from smaller tributaries responds more quickly rainfall 
than run-off main rivers and, consequently, débris-laden stream, upon 
entering larger main channel, deposits temporary débris cones, forming 
barriers such proportions that the delayed peak the main river cannot 
immediately remove them, and river overflow may result. design 
cient channel under conditions annual stream flow varying from 850% 
means, most difficult; when the problem complicated heavy débris 
flows construction costs increase enormously and erosion control near 
the origin the débris becomes essential. 


Recorps Fires 


Financial considerations govern the matter fire prevention and 
although Federal, State, and County agencies are entirely efficient, present 
(1935), with the funds allocated, far from 100% effectiveness fire prevention 
has been attained, shown forest fire records during the fourteen years 
since 1919. Major fire records are Table 


TABLE 7.—Burnep 000 Acres 1933 


No. Year Area burned, No. Year Area burned, 

acres acres 

1921 300 1927 960 


What expenditures are warranted for fire prevention varies widely 
different areas, depending upon population concentrations and values menaced. 
The foot-hill water-sheds Los Angeles County are made many hun- 
dred individually small catchments, aggregating 285 this, areas 
totaling nearly miles, yet not denuded, are located above incorporated 
territory having combined population more than 100000 persons and 
assessed values more than $200 000 000. 


*Rept. New Foothill Débris Flood, Eaton, March 1934. 
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Where water-sheds have not been disturbed fires, roads, earth-slides, 
etc., erosion relatively slight. Quantitative records erosion from Los 
Angeles County water-sheds that have normal cover are not plentiful nor 
accurate those from water-sheds from which the débris flows are more 
readily measured; therefore, only estimates are available. 

One estimate (cited ample) the extent which the storage the 
San Gabriel water-shed would depleted, was 3200 per mile 
This value probably includes assumptions occasional burnings 
since the estimate was made 1927, within the 3-yr critical period after 
more than 30% the area was burned 1924. 

The measured débris deposited Sweetwater Reservoir, San Diego County, 
reported averaging 1400 annually per mile yr’, and 
Gibraltar Reservoir, Santa Barbara County, averaged 1380 per 
mile its major fire 1923, burning over most the 
water-shed, makes this value high. Twelve scattered records 
the writer average 190 per storm per mile, ranging from 500 yd. 

single rate applicable all the catchments Los Angeles County 
and, although admittedly based upon insufficient data, the writer’s opinion 
that, with water-shed undisturbed fires for more, 500 per 
mile maximum quantity. 


One quantitative example débris movement that given the case 
Sunset and Brand which debouch directly the streets Bur- 
bank, city population and more than $28 000 000 assessed valua- 
tion 1931. Brand Canyon discharges part Glendale which has 
total population 60000 persons and total assessed property valuation 
more than $80000000. The catchment area Sunset Canyon 1.10 
miles; its length about 1.5 miles, and its width mile; and elevation, 
ranges from 886 3126 (U. Geological Survey). Brand Canyon has 
similar catchment 1.03 miles. fire that burned total 4600 acres 
from December 1927, and included all Sunset and Brand 
Canyons well adjacent canyons. One year later (October, 1928), the 
first rains recording total depth 0.40 in. During November, 
2.10 in. rain fell, which more than 65% occurred one day; 0.59-in. 
rain November was followed November downpour with 
sustained 1-hr intensity 0.43 in., between 8:30 and 9:30 M., making 
total for that day 1.41 in. Intensities 10-min duration were recorded 
high 0.85 in. 

Canyon observers reported the resulting débris flows have followed 
closely after the high-intensity period, with two distinct flash flows. The 


*Rept. on ane Control and Conservation, San Gabriel River, by F. H. Fowler, 
M. Am. Rec. C. E., C. D. Marx, Past-President and Hon. M. Am. Soe. C. E., and C. H. Paul, 
Am. Soc. March, 1927, 

™The Silt Stevens, see 207. 


Rept. Sunset and Brand Park Canyons Flood November 14, 1928, 
aton. 
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first was composed mostly water, which rose 3.5 channel wide; 
and this was succeeded second flow estimated, observers, flow 
rate per sec. The débris flow lasted min. 

From all available information, including cross-sections, was estimated 
that acre-ft combined débris and water flowed from Brand Canyon 
30-min period, which acre-ft (or nearly 60%) was débris, and 
acre-ft was water, equivalent run-off depth 0.22in. The average velocity 
was computed about per sec. The débris flow was equivalent 000 
per mile water-shed, quantity that checked closely with records 
truck removals from streets and lawns. removal costs public 
agencies averaged per yd, exclusive the cost residents for removals 
from cellars and lawns. 

Another example was afforded the Arroyo Sequis, the western 
County boundary, which has water-shed 11.4 miles, discharging directly 
into the ocean. roughly triangular shape and ranges elevation 
from sea level Geological Survey). intense fire from 
October November 1930, burned 90% this area, leaving its decom- 
posed granite slopes, 300 500 per thousand, exposed rain. 

The nearest recording rain-gauge was miles inland, Elevation 600. 
Since storms approach from the west they strike the coast water-shed hour 
earlier than the gauge and probable that the actual rainfall the burned 
area was greater quantity and intensity than that recorded. Rainfall 
records are listed Table Beginning 1:00 January 1931, 


TABLE Recorps, Arroyo 


Cumulative 

Day Month and year 

inches 
ab November, 1930 2.09 2.25 
December, 1930 0.00 2.25 


and continuing 4:00 M., the intensities for 10-min periods, expressed 
equivalent inches per hour, are listed Table The total rain falling 
the 170 min. was 1.24 in., average rate for the period 0.44 in. per hr. 


Time, Rate rainfall Time, Rate rainfall Time, Rate rainfall 
January for 10-min periods, for 10-min periods, Janu for 10-min periods, 
1931 inches per hour 193 inches per hour inches per hour 
P.M.. 0.12 2:10 P. M.. 0.33 3:10 P. M.. 0.60 
0.06 2:20 P.M.. 0.24 3:20 P.M. 0.24 
140 0.09 2:30 P. M.. 0.36 3:30 P. M.. 0.42 
150 0.15 2:40 P.M.. 0.30 3:40 P.M.. 0.63 
4:00 1.15 
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Quantitative measurements could not made since much passed 
the Pacific Ocean, but estimates based mud marks highway bridge 
piers (which were much in. higher than adjacent bank marks), gave 
velocities between and per sec. least 50% volume was solid 
matter and the combined débris and water flow was estimated 700 
per per mile water-shed. 

third example—Delta Canyon, 0.63-sq mile tributary, Big Tujunga 
Wash—has particularly large cone débris its mouth (see Fig. 7). 


elevation ranges from 650 4500 (U. Geological Survey) its length 
1.9 miles from crest mouth; its average width, 0.3 mile; and the grade 
increases from the minimum slope 625 per mile the lower end. The 
canyon forks mile from the mouth, and the end the small fork, run- 
ning west, steep mountain peak which considered having contributed 
the major portion the débris. large slip along the entire side this 
mountain was first noted 1913, but some sliding probably occurred previous 
that date. The area faulted and the slopes are unstable 
condition. 

Fire destroyed 80% the canyon cover September 13, 1913, and, dur- 
ing the 1914 flood, débris was deposited its mouth, shifting the former 
stream bed the west. Although slips had been noted prior 1914 there 
record débris its mouth prior the rains. The heavy rains 
1926 brought down additional deposits. differentiation can made 
between the relative quantities transported the two débris flows, and 
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part the delta has been removed channel cutting the main arm the 
Tujunga River. However, the volume transported the two storms esti- 
mated, consefvatively, 123000 per mile, more than 60000 
per mile per storm. 

The Crescenta-Montrose débris flow, January 1934, furnishes the 
best and most accurate, well the largest unit débris flow authentic 
this case seventeen contiguous water-sheds have combined crest 
length miles and total area 7.5 miles. The catchment areas 
this region are steep and rugged, rising 2500 1.75 miles. The catch- 
ments range, size, from Pickens, the largest, with area 1.6 miles, 
several small 0.2 mile. They debouch, through sixteen separate 
channels, developed foot-hill, city, and urban areas below the canyon 
mouths, aggregating about miles. The area, which mainly residential, 
extends from Tujunga City, the largest and the western boundary, easterly 
through the unincorporated cities and towns Highway Highland, Cres- 
centa, and Verdugo City Canada, the easterly boundary. 

The aforementioned water-sheds were completely denuded fire from 
November 24, 1933. They had not been burned previously since 1878. 
The early storms that began December 14, 5:00 M., and ended Decem- 
ber 15, yielded in. rain which packed the ash residue into the surface 
pores the heavy soil cover, built during decades undisturbed brush. 
Recording rainfall records are given Fig. 8(a) and Fig. 8(b) from Flint- 
ridge Fire Station Elevation (U. Geological Survey). Following 
this preliminary saturation, came succeeding storms culminating with Decem- 
ber 31, which date successive 1-hr intensities increased from 0.5 in. per 
noon 0.78 in. 1:00 M.; 1.8 in. 2:00 M.; and 1.14 in. 3:00 
P.M. After 3:00 the rainfall subsided 0.3 in. per until midnight 
when increased suddenly 1.28 in. per hr. flash, 5-min intensity 
rate 2.16 in. per began 11:47 P.M. Three separate recording gauges, 
distributed over the area, registered sustained 1-hr intensities midnight 
1.28, 0.85, and 0.87 in. per hr, respectively; and probable that 1-in. 
intensity was representative the entire area. particular 1-hr intensity 
was maximum, all-time record, but the successive cycles sustained high 
intensity were without known parallel. 

Beginning almost exactly midnight December 31, 1933, and lasting 
for hour, the resulting succession débris flows caused deaths; 483 
homes were either completely swept away rendered uninhabitable; and the 
total property damage aggregated All the loss life and 80% 
the damage occurred the eastern part below Pickens and Hall-Beckley 
Canyons. The largest city, Tujunga, was completely protected débris 
basin the mouth Haines Canyon (see Figs. and 10). Another basin 
was under construction the head Verdugo Wash, the main collector 
which the smaller tributaries eventually terminate. 

Falling completely saturated soil, the rain had caused sheet erosion 
over practically the entire mountain area concurrently with slippage 
numerous masses from steep canyon sides weathered rock, into the narrow 
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canyon channels. Mass movements originated from canyon sides high 
200 above stream bed, some the masses being much 150 
wide. Trees ft, more, diameter slipped with the masses and were 
swept into the streams. When sufficient run-off was impounded behind the 


12 6 12 6 12 12 6 
Midnight AM. Noon P.M. Midnight AM. pM. Midnight AM. Pu 


earth barriers thus created, saturate them, they moved down stream until 
they either drained sufficiently retard progress, were stopped other 
slides farther down stream. these movements were repeated, débris was 
collected increasing volumes and the masses moved with increasing 
momentum. Simultaneously, the side tributaries attained peak flows and 
the combined effect was release débris and water from canyons waves 
more height. open territory these waves flattened 
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height and spread widths 100 200 scouring new chan- 
nels and thus picking new débris loads. canyons velocities were suffi- 


cient carry along many 10-ton boulders. One boulder was rolled 
paved street the mouth Dunsmuir Canyon. 


— 
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Based carefully computed quantities deposits the two débris 
basins, and field and airplane surveys, débris deposits property (in 
yards) were: 

Verdugo Débris Basin 


The foot-hill and urban area below the canyon mouths covers about 
miles; this area acres, 23%, were affected débris (see 

Practically all the débris was deposited within the 1-hr period after mid- 
night, occurring succession about fifteen sharp débris flows, moving 
velocities estimated from per sec. Canyon velocities were 
considerably greater. sharp peak major débris flow would suc- 
ceeded rapidly moving stream which contained less débris, cutting 
channel one side through the deposited débris masses. some 
instances these masses would drain out and, successively, become saturated 
stream flow point which they would again begin move; and, 
encountering rapidly moving stream, they would carried along suc- 
cession surges. estimated that the flows containing maximum per- 
centages débris occupied about min. 

The east half Haines Canyon (the westerly limit the burned area) 
had been denuded. Practically the entire débris movement from this source 
originated from 0.47 miles, indicating débris rate 67000 per 
mile scoured out single storm. Débris property and streets and 
the Verdugo Débris Basin came from 7.08 miles, equivalent nearly 

analysis smaller sizes débris collected from streets, presented 
Table 10. 


TABLE 10.—Anatyses Montrose Section 
(Average weight per cubic foot dry 103 
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Cross-sections were taken, following the flood, the principal canyon 
channels. typical section showing Pickens Canyon given Fig. 
The highest water mud marks were left moments when the débris flows 
were either practically stationary were moving only slowly; but the final 
lowest channel sections left resulted from cutting the later and receding 
stream flows higher velocities, which ground the stream bed far below its 
original grade and below that the time the making the highest mud 
marks. Computations peak flows based upon these highest marks and the 
final channel cross-sections must modified judgment, course, 
gained from those witnessing the flows the time their activity. 

The writer’s conclusions were that sustained 1-hr run-off occurred, which 
was equivalent average depth 0.9 in., 580 per sec per mile, 
and that the maximum débris flow contained 70% saturated débris 30% 
water volume, flowing average velocity per sec. The rela- 
tive quantities débris and water discharged the 1-hr period were 
estimated acre-ft water and acre-ft débris. 


Désris 


For major débris movements, positive protection requires direct storage. 
The best protection thus far devised the débris basin, which admittedly 
expensive and not sightly. positive, however, and its first cost often 
less than that one débris removal from streets. 

case point the Haines Canyon Débris Basin (see Figs. and 10). 
Its low capital cost about $0.25 per was due mainly: (1) its 
location Federal Forest area, consequently involving cost for right 
way; and (2) the basin excavation created operating rock plant. 
Immediately after was filled, the débris was removed with average 
500-ft haul, for cost $0.30 per yd. Débris basins more than one 
hundred locations will needed ultimately. Their capital costs per cubic 
yard débris capacity will range from $0.30 $1.00 per yd, depending 
mainly excavation costs. Their physical locations are closely fixed, between 
the canyon mouths and the deltas, points sufficiently toward the canyon 
mouths prevent channel-cutting around them and far down the 
deltas feasible toward the flatter slopes where excavation costs will least. 

Their storage capacity obtained, part, cut-and-fill excavation 
which considerable waste necessary due the safety requirement that 
the deepest part toward the outlet spillway should solid cut. The 
sides the basin may leveed from part the excavated material. Where 
feasible, side-channel spillways are advisable, thus forcing the débris flows 
enter from the upper end and follow circular paths, facilitating maximum 
deposition débris. Sufficient adjacent areas should provided for 
future deposition material. 

Where water-sheds are unburned, the operating costs débris basins are 
negligible, because little débris removal necessary. After fire and 
succeeding high-intensity storms, the basins must emptied promptly. 

The necessity locating the basin largely cut, results excavation 
costs ranging from 75% the total, the other costs being for spillways 
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and auxiliary structures connecting the basin the head-works channels, 
The spillway generally occupies limited space and requires considerable time 
construct. the other hand, the basin excavation covers large area 
acre acres, more), and thus permits the use large equipment 
and rapid construction. Two large power shovels, supplemented large 
trucks, can excavate, conservative estimate, 20000 per three-shift 
day. Under emergency conditions, basin for protection from area 
urgently needed during the 5-yr period following fire, débris basin 
will inactive over the period years when fires have occurred. 
best, cannot made attractive appearance and must located not far 
from residence property. 

These factors suggest the possibility saving capital investment 
setting aside definite areas, preparing detailed plans, and constructing spill- 
ways, channels, and auxiliary structures, but deferring the excavation pits 
until fires have occurred. The large excavation equipment can used later 
for prompt removal débris deposits. After mountain cover has regrown, 


basins may permitted fill until fires again indicate that they should 
re-excavated. 


Conservation flood wastes will result from flood regulation for pro- 
tective purposes. 

Increased drafts local water supplies have been accentuated decreases 
original replenishment due paving and building activities which have 
changed former pervious surfaces impervious surfaces. channels 
have been improved reducing thus the original wetted areas. The over-draft 
from wells tapping the basins between 1914 (the last major flood year) and 
1931, has created present underground storage space more than 250 000 
acre-ft. The effects pumping excess replenishment especially 
the basins the coastal plain where serious intrusions salt 
water have resulted. Here, water from wells area more than 
miles shows salt content more than grains per gal, which considered 
the limit for human consumption. 


Surrace 


provide conservation surface hold-over storage under Los Angeles 
County water-shed conditions would run into enormous costs, particularly 
since hold-over floods for five years more would have provided. 
High surface storage costs are here due the steep slopes and large number 
individually small drainages that are characteristic the mountain 
territory. 

indicating the costs involved, the twelve reservoirs constructed 
under construction the Los Angeles County Flood Control District will 
regulate the floods from 400 miles, having combined capacity 109 000 
acre-ft, average capital cost $200 per acre-ft. Under such condi- 
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tions capacities must limited those needed for regulation alone, and, 
following storm periods, the reservoirs must emptied progressively rates 
permitting percolation into underground basins. 

Fortunately, there are available unparalleled natural reservoirs high 
capacity. Created the deposition sand, gravel, and boulders through 
the ages, these basins are twenty-six number. Dikes and geologic faults 
have created underground barriers, thus forming series reservoirs which 
retard underflow, the water passing over and through these dikes into suc- 
ceeding basins down stream. Void spaces the gravels range from 
10%, the larger values applying the main valley basins, the smaller the 
coastal areas. 

The logical solution conserve the present wastes regulation and 
passage into the underground basins. Measured 1931-32 flood-water waste 
the Pacific Ocean from 1841 miles major drainages, was 101 578 
acre-ft, indicating conservation possibilities when flood regulation has been 
provided sufficient for percolation into existing underground basins. The 
distribution this flood-water waste shown Table 11. 


TABLE Wastes THE 1931-32 


Drainage Waste, Waste, depth 
area, Waste, acre-feet inches 
square acre-feet per run-off 
mile 


Los Angeles River 06 50 958* 
San Gabriel River 
Ballona Creek 


Nigger Slough. . . . 


.9 
Malibu Creek 4 -2 
60.7 
Topanga Creek .0 


* Includes part of San Gabriel run-off transported to Los Angeles River via Rio Hondo. 


PERCOLATION 


Regulated flood flows may encouraged percolate increasing 
quantities extending the wetted areas overlying gravel cones “spread- 
ing.” representative set percolation measurements made 1930-31 
and 1932 fifty-three different locations given Table 12. 

Rates percolation through surface gravels are mainly proportional 
areas wetted and only minor degree upon depth water. Flood 
even when the main débris has been removed, contain sufficient fine suspended 
matter, with collodial content, that depth deposit from in. 
sufficient reduce the percolation rates 50%, more, practically 
seal the surface. stream-bed areas the “scarification” few inches 
sufficient increase percolation rates markedly. 

plowing and harrowing test sections the San Gabriel 
River and Rio Hondo gave results indicated Table 13. 

Increased percolation may effected the construction “spreading 
works.” their design, ponding alone, the creation large shallow 
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basins, does not furnish the complete solution for the percolation waters 
containing sediment. has been proved, however, that keeping the 
streams water moving and flushing certain areas, the top gravel layers 


TABLE 


Flow 
in cubic 
feet per 
Stream Date made Stream Date made second 
per 
wetted 
acre 
March 25, 1930... . Big Tujunga Creek..| February 18, 1932.| 3.17 
May 6, 1930...... March 31, 1930...| 1.29 
Rio Hondo......... March 16, 1932. 1.89 January 
March 17, 1932. - 2.64 March 9, 1932. 1.45 
April 6, 1932 err 1.72 San Antonio Wash...| March 14, 1931. 1.38 
ugust 4, 1931.... ? anuary 1.80 
March 25, 1930. 3.18 Walnut Creek....... May, 1930........ 0.50 
April 2.45 Fernando September 29, 2.02 
May 8, 1930...... 1.85 Pacoima Creek...... September 30, 1930} 1.86 
February 6, 1931..| 2.28 |Sawpit Creek....... March 7, 1932....} 4.00 
San Gabriel River. . April 30, 1931..... 1.6600 
December 30, 2.66 eT 2 02 
February 3, 1932. 1.750 
March 16, 1.69 Spreading Grounds: 
March 17, 1.88 San Gabriel January 22, 6.96 
ril 6, 1932. San Gabriel River.. 5, 
Little Dalton 14, 0.95 Big Dalton 11, 8.15 
ig ton Wash.... ay 15, 1930..... Apri 
February 26, San Antonio Wash. 22, 


receive scrubbing action, and high percolation rates can maintained. 
The velocities necessary range between and per sec and must supple- 
mented flushing immediately before, and immediately The quan- 
tity necessary waste flushing should not exceed the total 
quantity spread. Spreading works include head-gates from which main and 
lateral ditches take off through gates effect similar irrigation 
system. The object spreading provide wetted area water 
motion covering large total area possible. 


TABLE Rates THE SaN River Rio Honpo 
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Under carefully planned spreading system possible provide 
net wetted area from 35% the gross area construction costs 
ranging from $200 $300 per gross acre spreading grounds. Operating 
costs will range from $0.15 $0.50 per acre-ft water percolated, the quan- 
tity varying according the area, its shape, ahd the layout the ditch 
systems. 

practical average value, from 0.5 per sec per gross acre 
spreading area may spread, depending upon the location the area, and 
the character and layout the spreading works. 


Under physical and weather conditions described the conclusions are, 
follows: 


Flood the larger mountains with vegetation undisturbed, 
total in. rainfall will produce sufficient saturation permit marked 
run-off. Storms intensities in. per and more, closely following 
the saturation period, will produce floods, their magnitude rising rapidly 
with increasing intensities. Twenty-four hour intensities may expected, 
varying from in. the coastal plains in. the mountains, with 
sustained 1-hr in. in. Under the higher intensities, 
following saturation, flows 400 acre-ft per day per mile are possible. 
With the characteristic sharp peaks these areas this quantity will repre- 
sent peak 400 per sec per mile. The regulatory 
needed will depend upon the economic balance between channel costs and 
regulation costs. Los Angeles County its range from 150 300 
acre-ft per mile. 

the lower foot-hills and valley areas with high percentages impervi- 
ous surfaces, little saturation needed produce immediate 
response run-off rainfall. necessary anticipate future develop- 
ment both domestic and industrial designing drainage channels such 
areas and set aside adequate areas for the ultimately required drainages. 

Débris normal water-shed cover has been destroyed, erosion 
rates will increase from 100 times that with undisturbed vegetation. 
The best protection from débris the normal vegetative cover. After 
denudation, any protective program secondary, far less efficient, and 
much more costly, defense. Erosion water-shed removes portions the 
soil capable supporting vegetation. Sufficient regrowth afford protec- 
tion will take from yr, depending upon weather conditions and the 
extent which the soil has been removed. With vegetation destroyed pro- 
tection requires direct débris storage; this can afforded débris basins 
near the mouths the canyons. Following denudation, erosion may 
produce from 50000 100000 débris per mile, the quantity 
depending upon slopes and intensities. The larger quantity may result from 
intensities low per hr. Little preliminary saturation necessary 
and may low in. occurring short period. 
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designing débris basins, flows 150000 per mile 
drainage should provided for, arrangement should made for prompt 
removal, and adjoining areas should provided for deposition. 

Burning water-sheds not always human origin. Lightning one 
cause. Even with the best possible fire-prevention measures occasional fires 
will occur. Even foot-hill water-shed mile extent may produce 
sufficient débris cause heavy loss life and immense property damage, 
when located above developed territory. such areas, basins should 
least set aside; complete detailed plans prepared for their construc- 
tion; and the auxiliaries spillways, etc., should built, that emer- 
gencies they may constructed promptly. 

Conservation.—Provision for flood regulation for protective purposes will 
give capacities excess that required for conservation the flood waters 
that will result from increased percolation, which principally propor- 
tion the stream-bed areas wetted. Where increased percolation above that 
the natural channel needed, spreading systems may built costs 
$200 $300 per gross acre, with percolation capacities from 
acre-ft per day per acre. 
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DISCUSSION 


ter half his paper, Mr. Eaton has demonstrated conclusively that the 
primary cause débris flows hazardous communities the Los Angeles 
coastal plain, the denudation forest fires the brush cover adjacent 
foot-hill and mountain water-sheds. These fires, followed the type 
heavy semi-tropical rains that frequently occur Southern California, result 
sheet erosion and débris flows from the mountain sides the unpro- 
tected communities below. Such flows will not cease until the native brush 
cover has been fully restored. 

engineer familiar with the topography and geology these water- 
sheds, who observed the results the Crescenta-Montrose disaster, will 
question the possibility débris flow during such storm, from 50000 
100000 per mile water-shed burned. 

Mr. Eaton presents factual data the effect that the Crescenta- 
Montrose disaster resulted the loss thirty lives, the destruction 483 
homes, and total property damage 000, all which was the result 
one storm upon burned area 7.5 miles. this loss must added 
the cost débris removal and the necessary construction débris basins 
and flood-control works adequate size prevent similar damage which 
may occur any time the next yr, until the native brush cover 
sufficiently restored retard excessive erosion. 

Based upon data presented the paper, the cost débris removal follow- 
ing the disaster, probably exceeded $425 000, more than $57 000 per mile 
water-shed burned. Los Angeles County admittedly entering wet 
period more than average rainfall, during which several storms 
greater intensity than the one which caused the disaster may expected. 
Consequently, the cost construction and maintenance débris basins 
the area during the next five years may, according Mr. Eaton’s data, exceed 
000 000. 

The writer thoroughly accord with most engineers, who agree that 
the mountain water-shed had not been denuded forest fire, little 
damage would have occurred the foot-hill communities this flood area. 
would seem, therefore, that the possibility successful suppression 
brush and forest fires adjacent such communities should receive the 
primary consideration engineers interested flood and débris control. 

Similar fires the Hollywood Hills have been fought successfully 
the Fire Department the City Los Angeles. Scott, Chief the 
Fire Department, has found that, trained fire fighters, properly equipped, 
can reach fire within min its inception, and 10000 gal water per 
min can placed their disposal for short time, they can almost invari- 
ably suppress the fire without serious loss water-shed cover; whereas with- 
out this water available, loss hundreds even thousands acres may 


Engr., Los Angeles County Surv., Los Angeles, Calif. 
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expected. Table the paper, shows that seventeen fires fought, without 
the advantage adequate water supply, resulted loss acres 
water-shed Los Angeles County, average 900 acres per fire, 

Although the personnel the Federal Forest Service and County 
Forestry Departments thoroughly organized and trained, limited appropria- 
tions have prevented the installation water systems, well the 
acquisition other much needed facilities for forest fire protection. Until 
recently, such facilities have been regarded many unwarranted ex- 
pense, even the relatively small areas, adjacent heavily populated com- 
munities, where more than 90% such fires originate. 

Following the Crescenta-Montrose disaster, plans 
were prepared for the construction project, under the work relief program, 
provide water system, motorways, firebreaks, trails, and similar facilities 
necessary for the fire protection the extremely dangerous water-shed above 
the communities Altadena and Pasadena. 

This project was the first unit comprehensive plan provide such 
facilities for approximately acres valuable but dangerous mountain 
water-shed, hazardous the communities Altadena, Pasadena, South 
Pasadena, Sierra Madre, Arcadia, San Marino, San Gabriel, and Rosemead, 
with group population more than 300 000. 

The only feature the plan, not included similar projects now under 
construction (1935), the water system. The quick, economical delivery 
the large quantities water required, presented many new and unusual 
problems which were complicated the steep grades and topography 
encountered. These problems were solved, however, and adequate water 
system was designed which would enable fire-fighters reach any point 
the area with heavy streams water under gravity pressure, the extension 
not more than 500 hose. 

designed, the main storage reservoir the system located above 
the highest point the area protected, and will have capacity 
1000 000 gal. Water will delivered this reservoir, either from rain- 
fall catchment area, gravity flow through 4000 6-in. pipe line 
constructed into Millard Canyon, where adequate, reliable stream 
water always available. 

From this reservoir, 6-in. steel pipe lines will carry the water down the 
main ridges eight secondary reservoirs the system, which are necessary 
for pressure regulation and additional storage. From these reservoirs, 
and 3-in. pipe lines will extend roads, trails, motorways, and other strategic 
points throughout the area. One hundred and fifty fire hydrants, fitted with 
adapters permit instant connection either the hose used the 
Forest Service, the 2}-in. hose used County Fire Departments, will 
located along the various water lines. 

The design will permit full delivery water from each hydrant, even 
all the other hydrants the system are operation the same time. Suf- 
ficient water storage provided assure adequate supply for the fight- 
ing fire throughout the area. points unusual hazard, where even 
city fire stream might not prove effective, small monitors hydraulic giants 
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have been provided operate under higher pressures and with larger quanti- 
ties water than would otherwise possible. 

Specifications provide that all reservoirs shall constructed excavation, 
lined with reinforced concrete prevent leakage, and covered reduce 
evaporation; and that all pipe shall Grade steel, mill-tested 
pressure. 

area 1600 acres would protected this manner the project, 
all which located the “high risk zone,” where Forest Service officials 
expect 90% all fires start. The total cost materials and supplies 
required for the construction this unit the water system $69 600. 
Commenting the project publiely William Mendenhall, Supervisor 
the Angeles National Forest, stated that with such facilities available, his 
men would almost guarantee suppress any fire the area with loss 
not exceed acre water-shed. 

the higher mountains adjacent this project, the danger fire being 
started human carelessness reduced materially. fires occur, condi- 
tions are such that Forest Service officials believe smaller quantities 
water will required for their suppression. Consequently, fewer water lines 
are required these areas secondary risk, and the cost the water 
system per square mile reduced materially. 


Before the disaster, the Crescenta-Montrose water-shed included 


“high” and “secondary” risk zones. similar water system, designed pro- 
tect the entire burned area, could have been constructed any time previous 
the fire, cost for materials and supplies $150000. The cost relief 
labor, that labor the Civilian Conservation Corps, could not con- 
sidered true charge against the project. However, constructed 
contract, the installation all facilities necessary for fire protection would 
not have cost much the removal débris immediately following the 
disaster. 

Unquestionably, sites for débris basins should purchased and other 
protective measures, outlined Mr. Eaton, constructed for the protec- 
tion communities from débris flow case the water-shed denuded 
fire. would also seem logical spend equivalent sum money 
insure against such catastrophe, the installation water systems and 
other facilities necessary combat, successfully, the many forest fires that 
occur. This especially true when the chances are 100 that, sooner 
later, the water-shed will destroyed unless such facilities are provided. 


Davenport,” Am. Soo. (by studying this 
paper, the writer has been interested examining, rather critically, the sec- 
tion entitled “Flood Hydrograph Determination”, and some the incidental 
observations are submitted herewith. 

Fig. shows the run-off for the basin for the years ending September 30, 
1903 plotted against the respective indices seasonal wetness, 
the estimated mean annual precipitation over the basin expressed per- 
centage the mean determined for the period, 1872-1930. The run-off 
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from 1916 1930 was estimated from the record the Sunland gauging sta- 
tion the Geological Survey evidently application the drainage 
area ratio (124.5 miles 106 miles), and, from 1903 1915, the run- 
off was deduced from the record the neighboring San Gabriel Basin. 
These data give the twenty-eight points plotted the diagram. 

undertaking express general relationship between precipitation 
and run-off problem this kind, commonly accepted procedure 
consider run-off residual after the precipitation has been subjected 
losses evaporation and transpiration, and possibly other losses, usually 
relatively minor importance. These losses, like the precipitation, are thus 
large extent the resultant the operation meteorological agencies. 
not practicable, course, determine the factor representing the losses 
direct observation, but may determined indirectly subtracting the 
run-off basin from the precipitation for periods selected eliminate 
minimize differences due changes surface ground-water storage. 
the writer’s observation that for humid regions the factor varies 
rather definite and systematic manner, dependent upon latitude, altitude, 
temperature, and other regional characteristics and that from year year 
has amplitude variation corresponding roughly that for precipita- 
tion. arid regions, where the rainfall insufficient meet the potential 
demands evaporation, transpiration, the losses, course, will tend 
smaller and more variable than regions where the rainfall ample. 

Table has been examined with regard the indicated losses from 1903 
1930, and the results, for groups determined the amount the annual 
precipitation, are listed Table 14. Over the period years considered, 
these data show definite tendency for the losses the Big Tujunga Basin 
the precipitation increases. For rainfalls 30.1 in., and 
more, the losses varied from 22.5 32.7 in. and averaged 27.4 in.—apparently 
not much different from what would expected any similarly located 
humid region similar temperature and similar quantities rainfall. 

The curve drawn through the plotted points Fig. takes upward 
direction, that for annual precipitation 54.6 in. (index seasonal 
wetness 200), the losses would approximate 23.4 in., whereas for the 
maximum year (1883-84), with precipitation 65.8 in., the application 
the derived relationship extrapolation, gives losses amounting only 
18.1 in. However, the facts indicated Table and the interpretation 


Bic Basin 


Range of precipitation, Number of years Mean precipitation, Mean losses, 
in inches in groups in inches in inches 


7 


30.1 and more 


general experience elsewhere, noted, suggest that the losses with 65.8 in. 
precipitation would materially more than 18.1 in, and might well 
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assumed in., more. This assumption would lead reduction 
the estimated seasonal run-off for the maximum year from 316700 acre-ft 
probably not more than 250000 acre-ft. view the rather large differ- 
ence thus obtained, the writer would pleased have the observations 
the author regarding it. 

The writer especially interested the forms hydrographs shown 
Fig. because they seem depart from the forms that would expect 
from his experience with comparable streams. The hydrographs seem 
show that for four successive days, substantially the entire run-off from rain- 
fall each day cleared the basin within 24-hr period. General experience 
and superficial examination the rainfall and run-off conditions the 
Big Tujunga Basin suggest that the run-off from the rainfall given 
day will continue substantial, but gradually decreasing, amounts for 
three days after the time maximum flow from that rainfall. Studies 
characteristics streams this respect have been presented LeRoy 
Sherman, Am. and Merrill Bernard, Am. Soc. E.” 
Therefore, the writer considerably interested know whether there are 
conditions the Big Tujunga Basin that warrant the assumption hydro- 
graphs shown, which are seemingly somewhat variance with the indica- 
tions experience elsewhere. 

The writer has not examined what, any, difference these considerations 
might make the conclusions with regard flood flows. general, 
momentary peak 388 per sec per mile for the Big Tujunga drain- 
age basin adopted seems reasonable and appropriately conservative esti- 
mate for the peak flow rare flood. 

The compilation data and experience flood and erosion control prob- 
lems this paper present most interesting and valuable contribution. 


lined the paper may more nearly representative extreme conditions 
than average usual flood and erosion control problems encountered 
the United States, follows that adequate solution for the more 
cult situation may applicable, least part, for the simpler ones. 

The observed and reasonably expected rates precipitation for the foot- 
hill region around Los Angeles, Calif., are far from the maxima observed 
elsewhere for both long and short periods, particularly along near the Gulf 
Coast. Likewise, the rates run-off per square mile drainage area thus far 
observed that foot-hill region are considerably less than have been recorded 
for numerous streams. The outstanding unique features the 
situation described the author comprise the following: (1) Steep slopes 
the windward side relatively high mountain ranges, and near the coast; 
(2) warm moderate all-year temperatures except the higher eleva- 
tions; (3) seasonal precipitation oceurring mainly during the winier; 


“Streamflow from Rainfall Unit-Graph Method”, Engineering News-Record, 
April 7, 1932. 


Approach Determinate Stream Transactions, Am. Soc. E., Vol. 
100 (1935). p. 347. 


Engr., Soil Conservation Service, Washington, 
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(4) droughts occurring every summer, thus limiting the types surviving 
vegetation and resulting recurrent fire hazards; (5) unconsolidated débris 
and soil materials depending for their stability, the steeper slopes, largely 
the roots vegetation; (6) soil surface partly protected plant foliage, 
and incapable maintaining itself without such protection; (7) metropoli- 
tan and urban developments the detrital cones and flood-plains; (8) local 
water resources deficient, especially during the seasons maximum demand; 
(9) justification for storage developments utilize all the normal run-off, 
thence facilitate recovery and repeated use; (10) ground-water supplies 
heavily overdrawn, with consequent intrusion salt water menace and 
further deplete the remaining ground-water reserves; (11) unusual opportuni- 
ties for flood regulation spreading, and storage basins partly bounded 
loose, permeable strata, for the double purpose local protection lives 
and property and prompt replenishment underground storage; and, (12) 
property values capable supporting comprehensive program for flood 
regulation and protection, water conservation, and its maximum utilization. 

readily granted that other localities may characterized one 
more the aforementioned features which occur combination the 
Los Angeles District; but nowhere else this country are all the factors 
represented such degree. Therefore, the measures economically justified 
for the Los Angeles situation may applicable only part elsewhere. 

has been widely observed among the head-waters streams both 
foot-hill and mountainous regions that minor landslides are going pro- 
gressively during any normally wet season, and occasionally during periods 
deficient rainfall. The planes contact between ledge rock and products 
weathering are usually planes weakness and instability; this also true 
rock débris inclined beds clay other relatively impervious material. 
Water trickling along such planes naturally acts lubricant, inducing 
motion, cleavage, subsidence, and occasionally landslides. 

Such surface disturbances among head-waters are common and unim- 
portant escape prominence. The remoteness from the main channel 
the stream, the relatively small volumes water yielded from the disturbed 
areas, and the correspondingly small amount erosion resulting therefrom, 
all combine keep such phenomena the background. However, when they 
occur along the lower courses streams, where lives are endangered and 
property threatened, they assume considerable prominence. appears that 
some the unstable masses such slopes are susceptible treatment 
insure their permanency present positions; or, occasionally, accelerate 
their stabilization inducing movement flatten the slope natural 
grade repose, corresponding most severe conditions expected 
encountered. 

parallel afforded the treatment sites for flumes, pipe lines, 
other structures near the foot slope. advisable and customary 
clear the upper slopes boulders other rock masses that might loosened 
detached weathering processes; or, occasionally, deemed expedient 
repair connect protruding ledges serve barriers for the protection 
the lower slope. 
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Recent practice the construction trails and access roads among 
scenic mountain areas deserves more than passing notice. prevent accumu- 
lations water the trails roadways, diverting channels have been con- 
structed discharge into basin-like depressions, such the borrow-pits from 
which surfacing material has been obtained. such cases, where several 
feet depth and potential hydrostatic pressure are provided, and where coarse 
materials, such gravel waste and other loose materials are exposed, 
the rapid percolation and the storage combine dispose surface run- 
off. The ease with which large number such percolation and storage 
facilities may provided seems make for their restricted capacity, 
taken separately. 

Several municipal water supply irrigation projects, well hydro- 
electric power projects, have proved failures due largely leakage from the 
reservoirs. Where comprehensive developments are undertaken for the benefit 
all legitimate interests river system, may well prove profit- 
able venture seek reservoir sites that will feed underground storage 
leakage percolation. Where test borings disclose coarse, pervious materials 
reasonable depths below the valley floor, may advisable trench 
cut through the more nearly impervious overlying material induce under- 
ground flow and storage. 

Modifications adaptations the foregoing methods may well adopted 
connection with flood and erosion control problems. Particularly, the 
provision for many avenues access strata coarse, open texture, and 
multiple small storage basins for both water and débris may measurably 
relieve the burden sustained the larger reservoirs down stream, 
helping maintain their original capacity and thus adding their 
effectiveness. 

Doubtless, general recognition existing facts would prove that nearly 
every locality confronted with flood and erosion control problems, each 
meriting individual treatment and capable best solution; or, where mis- 
guided inexperienced over-confident advisers, community may appro- 
priate and spend generously without measurable progress toward satisfac- 
tory solution. The author has done much clarify the view potential 
dangers from those natural phenomena, and remedial steps which have 
proved effective the Los Angeles District. Mr. Eaton has rendered 
distinct service his able presentation the subject-matter. 


Harry Am. Soc. (by excellent data 
débris flows Southern California are presented Mr. Eaton. The 
writer and Colin Taylor, Assoc. Am. Soc. E., made brief 
damage resulting from movement débris out canyons during the 
storm December 30, 1933 January 1934, described the author. 
This incident offers the opportunity draw several object lessons and take 
steps guard against recurrence such losses. 


Irrig. Engr., Bureau Agricultural Eng., Dept. Agriculture, Los Angeles, 


report, “Damage Resulting from Movements Débris Out Canyons 
or, 
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The movement large masses detritus out mountain canyons 
mud flows not unusual geologic occurrence. Large débris fans have 
been built and are steepest and most rugged the mouths small canyons 
which the stream flow intermittent. The increasing development the 
has brought more and more these areas under cultivation, and 
many the most desirable residential sections are located high the fans. 
However, many cases, unregulated subdivision has caused the development 
entire fans that the natural watercourses are encroached before ade- 
quate protection provided. 

mud flows saturated masses soil furnish the transporting medium 
that carries huge rocks out the canyons. The rocks may originate the 
same slide with the soil, they may picked the canyon bottom when 
temporary dams formed slides break loose. 

viscous mass mud slipping from canyon wall may contain just 
enough water make flow, and progress may relatively slow the flatter 
slopes the canyon bottom. this condition, huge rocks are carried along 
without rolling and the movement has the appearance lava flow, and, 
this condition, may move slowly out the canyon the fan. 

When large quantity surface run-off occurs the time the saturated 
soil slips from the canyon walls, the water may first pass over the top 
the slower moving mud flow. Water may also pile behind the temporary 
dams and then, they give way, mix with the soil and make the mass less 
viscous. the proportion water increases the mass becomes more 
and the rocks tend settle and roll slide along the bottom, while the finer 
material mixed with the water moves over the top the mass with increasing 
velocity. The puddled mass that moves the larger boulders drains very slowly. 

Fight samples were collected 4:00 M., January 1934, the fine 
material the wash under some large Foothill Boulevard, north 
Montrose, Calif. (see Fig. 11). The average moisture content was 18.4% 
weight, and after screening out the material larger than diameter, 
the percentage moisture was 27.8, based the oven-dry weight the 
material smaller than The percentage water saturated soil 
lies place before first starts slip would approximately 25% 
weight, 33% volume. This saturated fine material acts lubricating 
medium and assists the transportation the larger boulders. 

the bottom mechanical mixing with more water takes place, 
and the percentage water must higher except the slower moving mud 
flows. The water content the material must continually varying through 
wide ranges that the evaluation flows from gauge heights most uncer- 
tain. There also the further complication caused the underlying rocks 
and viscous layers material moving much more slowly than the more fluid 
material top. Furthermore, the churning bores flood also contain 
air which tends increase the maximum gauge height high-water marks. 
From this, follows that the estimation flows this character gauge 
height record the ordinary gauging station most impractical record 
obtained the water content the flow, nor can the velocity considered 
water equivalent. 
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would appear that the most practical method measuring discharge 
rates under conditions such prevailed these canyons gauge the rate 
rise the débris basin the canyon mouth and also establish gauging 
station the channel below the débris basin. 

One the most important functions brush cover controlling run-off 
the aeration the soil. Decayed roots and worm holes furnish channels 
through which air readily moved from the lower soil depths. Rain does not 
ordinarily run down these channels popularly supposed, but moves into 
the soil capillary water. The function performed the roots and worm 
holes release air back the surface displaced the downward 
moving moisture. This release air prevents the development back 
pressure, which would materially reduce the rate infiltration rain water, 
particularly long-continued steady rains. 

The burning the water-shed increases the potential danger many-fold, 
but mud flows will occur certain soil types with the vegetative cover still 
intact witnessed the flows from Neusbickel Canyon, near San Dimas, 
Calif., during the same storm. this case, the soil clay loam and the 
moisture could not transmitted into the more compact underlying subsoil 
fast enough prevent saturation the top soil. Slips the top soil then 
the steeper slopes. The soil Neusbickel Canyon supports 
dense growth mustard that starts each winter and dies the following sum- 
mer. There are also occasional patches brush. The canyon sides are very 
steep—60° and more many places. 5-in. rain December 14, 
1933, filled the top soil field capacity, and the fresh growth mustard was 
less than in. high the start the storm December 30, when in. 
rain fell within hr. saturating the top soil that slipped down the 
slopes, many points forming great arrow-shaped scars the hillside. 
some cases, the movement was slow that the material was carried away 
fast dropped into the stream bed. others, the evidence shows that 
great masses avalanched down and temporarily blocked the canyon. the 
end the storm, however, the stream bed was swept clean bed-rock and 
the débris was deposited fan-shaped mass the mouth the canyon. 

The control moving masses detritus has been serious problem the 
Western States for many years, and the protection the irrigated agricul- 
tural areas from floods has been the concern governmental agencies. The 
problem has been studied Utah, and control methods have been devised 
engineers the Bureau Agricultural Engineering. The results 
the Utah investigations were published Similar methods control 
might effective some areas Southern California for the protection 
life and property the foothill areas. 

Mr. Eaton discusses “Spreading Increase Percolation” and, Table 13, 
contributes some valuable information the effect scarification plowing 
and harrowing the rates percolation the San Gabriel River and 
Rio Hondo. this connection, the Bureau Agricultural Engineer- 
ing has been conducting experiments water-spreading the mouth 


Barrier System for Control Floods Mountain Streams”, Winsor. 
Assoc. Am. Soc. Miscellaneous Publication No. 165, Dept. Agriculture. 
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San Gabriel Canyon for several years. This investigation, which charge 
Mr. Mitchelson, has produced some interesting data the stimulat- 
ing effect undisturbed native vegetation root activity the rate 
percolation. 1930, experimental plot 0.38 acre was diked and water 
was applied uniformly such way not interfere with the healthy 
growth the vegetation. Continuous measurement was made the water 
flowing the plot and the run-off. 1931, second plot like size, 
shape, and soil type was established adjacent the first, but from the 
vegetation was removed, the roots grubbed out, and the surface plowed, 
harrowed, and furrowed. was operated simultaneously with the other plot. 
1932, third plot was established, which was also adjacent and the 
same size the first, and was operated simultaneously with the others. 
The third plot, however, was operated the basin method, head about 
in. water being held over the wetted area. 

the season, February June, 1930, during continuous run 874 
days, the plot native vegetation absorbed water rates averaging 3.98 
acre-ft per acre per day and ranging from 3.03 acre-ft per acre per day. 
January March, 1931, during run days, this plot absorbed 
rates averaging 6.50 acre-ft per acre per day and ranging from 2.13 7.92 
acre-ft per acre per day, while the furrowed plot the daily absorption rates 
averaged only 2.53 acre-ft per acre and ranged from 1.15 4.16 acre-ft per 
acre. the season, January June, 1932, the daily percolation rates for 
the first plot again were highest, averaging 5.03 acre-ft and ranging from 2.12 
8.04 acre-ft per acre. the furrowed plot, the rates ranged from 1.66 
4.22 acre-ft per acre and averaged 2.93 acre-ft per acre per day, while the 
basined plot the minimum, maximum, and average rates were, respectively, 
2.22, 5.08, and 3.76 acre-ft per acre per day. 


outline the flood-control problems Los Angeles County presented 
this paper. The information contained Tables and dealing with 
percolation rates, particular interest millions dollars are now 
(1936) being spent Southern California projects designed increase 
the supply the underground water basins. view these enormous 
expenditures the writer believes that the economic side this problem should 
receive more particular attention. 

The paper contains certain statements relative quantities material 
eroded from mountain sides which the writer can not pass unchallenged. 
This especially true view the widespread interest being displayed 
erosion control and the propensities certain erosion-control enthusiasts 
quoting published data support their claims without analyzing their 
accuracy. 

‘In discussing this feature the paper, the writer will use the 
definition, namely: “Erosion, this instance, defined the washing 
loose material from weathered mountains and foot-hill areas, and its deposi- 
tion upon the lower valley floors.” Four quantitative estimates erosion 

Engr., San Bernardino, Calif. 
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from burned-over areas are cited Mr. Eaton and states: “The Cres- 
centa-Montrose débris flow, January 1934, furnishes the best and most 
accurate, well the largest unit débris flow authentic record.” 
Canyon included his treatise this area. Under “Erosion with Normal 
Water-Shed Cover”, states: “Where water-sheds have not been disturbed 
fires, roads, earth-slides, erosion relatively slight”, and immediately 
preceding Fig. “Mass movements originated from canyon sides high 
200 above stream bed, some the masses being much 150 
wide. Trees ft, more, diameter slipped with the masses and were 
swept into the streams.” true that the brush cover the mountain 
sides was burned, but most the trees and other canyon bottom growth 
escaped unharmed the fire. This characteristic most mountain fires 
Southern California. one were believe evidences previous earth 
slippages this area and the statement the paper that this area had not 
been burned over since 1878, one must conclude that similar slippages would 
have occurred during the storm January 1934, regardless the fire. 


Fic. 13.—ERr0sion IN THE SAN BERNARDINO MOUNTAINS 


almost impossible find water-shed Southern California that 
conforms the author’s description one which erosion relatively 
light because the absence previous “fires, roads, earth-slides, etc.” 
Fig. shows portion the San Bernardino Mountains north 
San Bernardino. depicts all the major man-made aids erosion, namely, 
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earth-slides created cutting faulted ground, and earth-slides created 
the overcast materials excavated from side-hill cuts, fire-breaks, old roads, 
and new roads. Most the area was burned over fire 1911 and parts 
the same area have been visited two other fires since that time. The 
débris removal from the mountain sides storm waters after the fires was 
very slight comparison with that due the various construction activities, 
evil effects from the fires are visible either the ground, from the air, 
and the escape bottom vegetation from fires 
Southern California brush fires. The apparent lines erosion down the 
canyons due the movement overcast material. 

Under “Erosion and Erosion the author states that the forces 
erosion are still active and have built deposits many thousands 
feet débris the valleys and apparently ascribes this deposition the 
results burning water-shed cover. his analysis the quantities 
erosion from the San Gabriel Canyon area (see “Erosion with Normal Water- 
Shed shows that the flood 1927, one the highest peak flows 
record, caused the erosion only 3200 per mile, after 
major fire. With this basis one should assume that only combina- 
tion heavy rainfall burned-over area that causes débris flow from 
undisturbed The coincidence season heavy rain following 
fire which might occur every yr, the case the Crescenta- 
Montrose flood, too remote account for the deposition the enormous 
valley fill the Crescenta-Montrose area, unless one were reverse the 
old stand-by theory the Forest Service propagandists and assume that 
forest cover longer makes the rainfall, but that lack forest cover 
responsible for heavy rains. The logical explanation lies study the 
geology the water-shed which will found that erosion has been 
active regardless fires. 

Following Fig. the author, describing the movement peak flows 
débris and water below the canyon mouths, states: “Reaching open territory 
200 ft, scouring new channels and thus picking new loads”; then 
(preceding Table 10): “Each sharp peak major débris flow would suc- 
ceeded rapidly moving stream which contained less débris, cutting 
channel one side through the deposited débris masses”; and, again 
(following Fig. 11): but the final lowest channel sections left 
resulted from cutting the later and receding stream flows higher veloci- 
ties, which ground the stream bed far below its original grade and below that 
the time the making the highest mud marks.” 

The débris cones which this channel cutting and shifting occurred 
are the result previous erosions and the re-working this material can 
not classed erosion under the author’s definition. Nevertheless, 
includes the quantity this re-eroded material his estimates erosion 
per square mile water-shed. 

The author has failed mention one very important factor describ- 
ing the shifting channels and later cutting the Crescenta-Montrose 
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débris cones. Prior the flood, series wire and rock check dams ‘had 
been constructed across the active stream channels. The crests these dams 
many instances were less than foot below the top the banks either 
side. When the flood flows from the mountain occurred, they overtopped 
these dams and scoured out the loose alluvial material below them and 
deposited behind the dam next lower down stream. When the small basins 
behind these dams were filled the crests the dams, the water and débris 
were diverted laterally around the ends the dams and the adjacent 
territory. The boulder mentioned the author (see following Fig. 
was deposited this manner. was not carried from the mountain side 
this one flood, but rolled down the débris-filled channel until was 
diverted one these check dams. The remnants the check dams 
this vicinity gave ample proof this theory. The fact that the active chan- 
nels these débris cones usually ride the highest part the cones aided 
this channel shifting. 


* 
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Fic. 14.—Dfpris Basin Hatnes CANYON ON MaRcH 19, 1934. 


The writer will agree with the author the statement the effective- 
ness the Haines Canyon débris basin controlling débris flows, but disa- 
grees when attributes the 32000 débris caught the basin 
erosion from the mountain side under his definition. This basin was the 
result the operation gravel company the head 
the débris cone Haines Canyon its apex within the canyon walls. The 
original active channel had slope per cent. The operations the gravel 
company excavating below the original grade the stream resulted 
face least high the upper end. This face was practically vertical 
and consisted sand, gravel, and boulders. When the flood occurred, the 
water poured over this face and started re-adjust the grade its bed 
fit this new condition. The result was cutting deep channel stream 
from the gravel pit, all the eroded material being deposited the basin. 
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The classification all the material deposited the débris basin erosion 
from 0.47 mile burned-over water-shed and the assumption that, there- 
fore, the rate erosion from mile burned-over water-shed was 
yd, would not conform the author’s own definition. 

Fig. view looking stream across the Haines Canyon débris basin 
March 19, 1934. shows (1) the re-adjusted stream bed with banks from 
high; (2) the débris cone deposited within the basin, but above 
the spillway level; (3) the original high-water line the top edge the 
recent excavation made after the storm January (4) re-adjustment 
grade the old cone stream flow storm after January and 
(5) the extent the most recent excavation. The spillway the right 
the photograph, and its crest about below the level the remnant 
narrow-gauge railroad showing the foot the bank. 

The importance having the spillway débris basin solid cut has 
been shown the author; but equal importance the protection the 
inlet channel that the basin will not filled from stream-bed deposits 
washing the stream re-adjusts its grade fit the new conditions, 

The evils erosion are bad enough without undue magnification. The 
writer probably old-fashioned his beliefs, but still maintains that 
the Grand Canyon was not the result forest fires, draining swamps, 
any the other multitudes natural evils that have been blamed 
the activities mankind. 


have been collected this paper with reference floods and their resulting 
erosion. these two problems the greater erosion. This information 
value because, since the formation the Los Angeles County Flood Con- 
trol District 1915, there have been few any engineering reports published 
containing the physical data collected, construction progress, other than 
through the daily press, despite the request the local engineers for such 
information. some peculiar twist the legal mind the District Attorneys 
ruled that bond funds could not expended. This paper, therefore, 
welcome engineers. total $46 308 044, from various sources, had been 
spent this work prior the fall 1935. Since then more have 
been allotted the District from Federal sources. 

Chief Engineer January 30, 1935, comprehensive document entitled 
“Rainfall and Runoff Report, Seasons 1932-33 and 1933-34” was issued under 
date June 1935, which contains hydrographic data for that period. Espe- 
cially view the difficulties the problems involved hoped that, 
the future, reports will currently presented relative not only hydrography, 
but also the engineering features, including the reports boards engi- 
neers and geologists. This accordance with ordinary practice for large 
public works. 

Bonds were voted the Los Angeles County Flood Control District for 
two purposes: (1) The prevention flood damage; and (2) the conservation 
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water spreading floods over absorbent valley fills for underground stor- 
age. The general plan contemplates regulating reservoirs the mountains, 
and flood-control channels across the valleys and plains, supplemented 
spreading basins means which the water could saved. The building 
the dams has been difficult because the geological character the 
rocks the Sierra Madre Range. These rocks have been shattered earth 
movements and largely decomposed. The foundations and abutments for these 
dams have been poor. The local engineers are not alone having difficulties 
with these adverse conditions. Engineers and geologists from numerous other 
parts the United States have been consulted, with much the same experi- 
ence. Twelve dams have been built successfully but there have been several 
disappointments. Important features the general problem are yet unsolved, 
The dense population Los Angeles County and the high property values 
(both which are threatened) create insistent demand for protection. 
Very little has been done building spreading basins although the Supreme 
Court California has pronounced this one the main features the 
project. 

Because the steepness the mountain drainage basins, violent, flashy 
floods are discharged the valleys intervals averaging about once 
five years. These floods are followed long periods low flow. described 
the author, they carry surprisingly large quantities débris. During 
occasion this nature the rolling and grinding the boulders can sometimes 
heard for several miles. 

The gradient the San Gabriel River, which the principal stream 
Los Angeles County, indicates the difficulty the problem disposing this 
débris-laden water. Its smaller tributary basins have stream-bed slopes 
from 125 400 per mile, and the main channel the river its mountain 
section, has slope per mile. Below the mouths the canyon the 
gradient across the San Gabriel Valley for distance miles per 
mile. The river then flows through pass the Coastal Plain where for 
distance the sea miles the gradient 6.5 per mile. The hydraulic 
properties these channels, even when leveed, become more unfavorable 
points nearer the ocean. the case the Verdugo Wash (north the City 
Los Angeles), the gradients across its débris cones Crescenta (Mon- 
trose) are 500 per mile; thence, through the City Glendale, the channel 
has grade per mile, discharging into the Los Angeles River 
the City Los Angeles, where the channel has slope per mile. The 
discharge mountain floods ranging from 500 1000 sec-ft per mile, 
eroding the shattered and decomposed rocks, has resulted the building 
débris cones great volume the mouths the canyons, and general 
delta plain toward the sea. These débris and delta formations are universal 
Topographically, many the cones are surprisingly symmetrical. 
All the channels are unstable and shifting. The steep slope and the great 
volumes the débris cones indicate that the process their formation has 
extended through long periods time and that these deposits will continue. 

Because the commanding elevations these cones and their attractive 
climate they have been extensively occupied and improved and, many 
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instances, towns are located these exposed locations. The author shows 
that where the small mountain basins have been recently denuded fire 
(which cannot entirely avoided during the long dry summers) the volumes 
eroded from the smaller and steeper basins amount extremes from 000 
50000 per mile during single floods. the floods are diverted 
the mouths the canyons, into lined channels, being done, with the 
foregoing gradients, the place where the débris will dropped depends 
the flattening the gradient. The deposit must somewhere before the 
flood reaches thé sea. indication this last-named process apparently 
the mouth the Los Angeles River has changed its position miles, the 
San Gabriel River, miles, and the Santa Ana River, Orange County, 
miles. 

Efforts Solve the stated previously, the population and 
property value Los Angeles County such that efforts must con- 
tinued control both the flood and the débris. The first general plan 
attack was made 1917 when bonds was voted for the building 
dams the Arroyo Seco and San Dimas River, together with the diver- 
sion the flood waters the Los Angeles River from Los Angeles Harbor. 

This was followed 1924 plan that was hurriedly presented, without 
mature engineering study, and against the protest the Los Angeles Section 
the Society. involved expenditure $35 300000 for building dams, 
channel improvements, and spreading basins, the announced program being 
regulate the floods the major streams and put the regulated flows into 
underground storage. 

Despite the recommendation two boards appointed subsequent the 
bond election (relative the original San Gabriel Dam), the Courts held 
that the type, size, and location the structure defined the bond election 
proceedings had followed rigidly. After foundation difficulties had 
developed connection with the construction this major structure, the 
California Supreme Court subsequently held that, because “changed condi- 
tions”, modification the plans could adopted, essential feature the 
decision being that the resulting decreased surface storage should replaced 
increase the quantity water stored underground. 

Although date (1936) twelve dams have been built and are performing 
service value, other efforts build large dams have been unsatisfactory 
some instances. 

the smaller reservoirs are practically débris basins which 
impound eroded material, the cost some them such interest. 
The costs Table are high but they are less than the expense $1.00 


Name dam Reservoir capacity, Cost 
acre-feet 


Per cubic yard Per acre-foot 


Sawpit 
Little Santa Anita 
Big Dalton 
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per for cleaning débris that was deposited the rate 26000 
per mile drainage basin October, 1928, streets and yards 
below the mouth Brand Canyon, Glendale, Calif., stated the author. 
His description these débris flows especially interesting and presents data 
that are new. should remembered that the great débris flows occur only 
when the burning the cover the drainage basin followed torrential 
rains. Although this combination may occur only long intervals (say, 
yr), the menace present constantly. 

Check Dams.—During the early years the District there was popular 
demand for the building “check dams.” This idea extended throughout 
Southern California. These check dams first consisted dry 
about height, built the mountain channels without being 
founded bed-rock. Frequently, they were only few hundred feet apart, 
the idea being that their small basins would fill with débris which would 
absorb the flood water and permit slow percolation later the season, 
and also that they would step down the steep gradients the channel. These 
structures promptly failed with the first floods. They were followed 
modified construction, wrapping loose rock wire mesh; 4060 these check 
dams were built the Flood Control District. They were also placed few 
hundred feet apart the canyons and débris cones. The rolling large 
rocks floods cut the wires, and the floods also washed around their ends. 
date, approximately 2000 these dams have failed under flood action. 
Accumulated material behind them contributed débris that was projected 
underlying areas. was stated that “check dams” had been used suc- 
cessfully the Alps. Observations Switzerland and Japan where flood 
and débris problems prevail, are that such small dams are substantial struc- 
tures built cut stone cement masonry, and are usually founded upon 
bed-rock. The Los Angeles County check dams were built largely against 
the protests the engineers charge flood-control work.” 

Although there are 1589 miles mountain drainage area the Flood 
Control District, the writer knows comprehensive estimate the cost 
controlling floods this area check dams. Some cost figures, therefore, 
may interesting. flood-control engineers have that “the 
per cubic yard debris stored check dams varies widely, ranging 
cost $3.00 per for such storage assumed, this equivalent 
$4839 per acre-ft capacity. The following also given from report” 
written 1931: “The actual measurements from single moderate storm 
where fires have denuded the watershed have shown over 25000 cubic yards 
débris from mile foothill area with possible recurrence 
equal amount for each storm during the period required for regrowth 
vegetation.” This re-growth requires fifteen years. Horse Canyon, tribu- 
tary the San Gabriel River having 2.15 miles drainage was com- 
pletely “check dammed” the summer 1932. Twenty-three rock and 


Courtlandt Eaton, Am. Soc. E., August 17, 1927. 


Rept. Courtlandt Eaton, Soc. E., and Frank Gillelen, Assoc. 
Am. Soc. C. E., May 22, 19381. 
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wire check dams were built, and 137 loose rock dams, which total 
160 check dams, check dam for each 6.25 acres. The cost per square 
mile this work was and the cost per cubic yard débris storage, 
cents. estimate the cost controlling 13.76 miles this basin 
reached that the concrete dams and reservoirs, such those referred 
previously, none which has failed, are more substantial and more 
expensive than the “check dams.” Studies have been made Santa Barbara 
County, California, the Farest Service for controlling the débris 
the Santa Ynez, which confirm these 

Flood-control work Switzerland means larger and more substantial 
check dams Lambac Creek, near Brienze, having drainage area 1.66 
miles, shows expenditure between 1898 and 1913 $216 000, which 60% 
was for channel construction below the mouth the canyon. This amounts 
cost $130000 per mile. the time this cost estimate the work 
had not been completed. Where suitable reservoir and dam sites exist 
larger drainage areas, the construction the larger and more substantial 
dams justified. 

Débris Basins—The next effort the Flood Control District the 
development plan control débris from small mountain drainage areas 
was means “débris basins.” These basins are excavated the débris 
eone, with overflow weirs discharging into lined channels. The basins are 
built the mouths canyons the apex the débris cone. The general 
theory obtain storage capacity 100000 débris for each 
square mile tributary drainage basin. The excavated material consists 
sand, gravel, and large boulders. The plan discharge the floods through 
these basins which the larger débris will deposited and build concrete- 
lined channels large capacity from the outlet the basin down the slopes 
the larger drainage lines and thence through other larger lined channels 
the rivers. January 20, 1936, twenty-three these basins have been 
built. 

The following description the Flood Control engineers one 
these basins the Montrose District, called Haines Canyon: The drainage 
area, square miles, 1.50. the basin, 60% has been burned. The present 
water capacity the basin built yd. Assuming that the débris 
the basin itself takes slope approximately one-half the natural slope 
the channel, its débris capacity estimated 250 yd. proposed 
enlarge this débris capacity ultimately 150000 What termed 
the “bulked Q”, water and débris, cubic feet per second, 200% the 
maximum peak water flow calculated for the drainage above the basin. 
This bulked given 10000 per sec. This will allow bulking 
débris 100%, whereas the estimates flow for the January 1934, 
storm the area, indicated bulking 50% débris. What 
called the “clear-water 5000 sec-ft the design for the first sec- 
tion the channel below the basin. designing the inlet and outlet structure 
the basin, the bulked used. 


Courtlandt Eaton, Am. Soc. E., October 31, 1932. 
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the author well shows the débris brought down floods enormously 
increased when such floods follow soon after the burning the brush cover 
the basins. states that following fire, the floods January 1934, 
discharged from miles drainage north Crescenta (Montrose) 
659000 property and streets, amounting more than 90000 
per mile. Other instances are given the author greater débris flow 
from other burnt areas. the cost these débris basins 
states: “Their capital costs per yard débris capacity will range from 
$0.30 $1.00 per yd, depending mainly upon excavation costs.” will 
noted from these figures that the cost débris-basin storage does not 
differ greatly from the costs similar storage behind the four concrete dams 
previously cited. 

The probable life the débris basin well the small reservoir will 
short. the case the débris basins the plan re-excavate thém 
when they are partly entirely filled. When the smaller reservoir filled 
the probable plan may provide another the same stream. These figures 
are presented not criticism the plans the Flood Control District, but 
rather indicative the expensive nature the problem involved and which 
should solved. These great débris flows occur only when floods follow fires, 
combination events that does not occur frequently. Nevertheless, they 
are menace that should provided against. 

Assuming maximum flood discharges 500 1000 per mile 
delivered into concrete-lined channels having gradients more than 10%, 
the further question arises whether the exceedingly high-water velocities 
fully per which may occur, will flow around curves the channels 
irrespective their débris. The opportunity observe this phenomenon has 
not yet occurred. 

Brush and Forest Cover.—The beneficial effect forest brush cover 
reducing floods and erosion has been amply demonstrated California 
observation adjacent experimental plots both burnt and unburnt two 
mountainous regions, and also careful observations neighboring drainage 
basins similar exposure some which have been denuded fire. These 
measurements (which are accord) have been conducted the 
Department Agriculture. give the details would repeat the views 
the writer which have been presented™ previously. They show one 
series test plots that the run-off from burnt areas, with rain the rate 
2.4 in. per hr, was 200 per sec per mile and that there was “no 
surficial run-off measured” from the covered plots. Eroded material from 
the burnt plots was per acre and that from the unburnt area was zero. 
With 12-in. rainfall during the storm December 30, 1933, January 
1934, the peak run-off from the Verdugo Wash 19.3 miles (which included 
the Montrose area, miles which was steep, absorbent, canyon floor and 
largely burnt over), was 350 per sec per mile and the erosion, 
per mile, whereas, from the unburnt mountainous adjacent Arroyo 
Seco Basin 16.24 miles with brush cover, the run-off was per 
sec per mile and the erosion was relatively insignificant. Other basins show 
greater contrasts. 


Am. Soc. E., Vol. 100 (1935), 330. 
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These examples show the great value the dense brush the Southern 
California mountains. this cover can maintained, relieves the flood 
and débris problem. fires are prevented affords much simpler and 
expensive process than the building costly engineering works. This solution 
resolves itself into the effort prevent fires. The Federal, State, and County 
organizations have combined prevent fires and have succeeded substantially 
reducing their hazard. with telephone connections have been 
established throughout the mountains. Fire-breaks have been built along 
ridges. The system roads being built, will permit the rapid transporta- 
tion men and equipment fires. fire can reached its incipiency, 
can extinguished. If, however, becomes general, the task well-nigh 
hopeless; the effort then control within drainage basins. the writer’s 
opinion relatively greater benefits can obtained from efforts prevent fires 
than the construction engineering works, although both are necessary. 
most rigid patrol and control the use the Forest Reserve justified. 

The the menaced débris cones should discouraged and 
should have been prohibited. However, they are already (1936) largely 
occupied. stated the author this occupation invites disasters such 
that which occurred January 1934, when people lost their lives and 
000 000 property damage occurred Montrose. unfair require the 
public pay the costs for their protection which may money cost 
excess assessed values. The location these improvements many 
instances prevents the spreading flood water for conservation purposes 
the cones originally planned. 

conclusion, the writer expresses his appreciation the 
difficulties involved the handling the flood problems the Los Angeles 
County Flood Control District. The task appears well-nigh impossible 
complete solution the one hand and necessity the other. The presen- 
tation basic data this paper valuable. Further reports the engineer- 
ing problems the District should made generally available order that 
the minds many engineers can give thought. The engineers charge 
the work are entitled helpful co-operation. Opportunities for conserving 
the valuable flood water its underground storage are yet available the 
larger valleys and the Coastal Plain and should not neglected this 
one the main features the project. cheaper conservation method 
Los Angeles County than the storing water surface reservoirs. 
However, each drainage basin requires separate study and plan. 


volume data rainfall and run-off relations Los Angeles County, Cali- 
fornia, has been accumulated the County Flood Control District and vari- 
ous Federal agencies. smaller amount information erosion has been 
similarly gathered. Mr. Eaton has done signal service selecting some 


California Forest and Range Experiment Station, Forest Service, 
Berkeley, Calif. 
“ Senior Silviculturist, California Forest and Range Experiment Station. in Charge of 
to in Water-Shed Management and Erosion Control, U. S. Forest Service, Berkeley. 
alif. 
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the most significant facts and estimates and presenting them with his 
excellent analyses. The engineering methods described for flood and débris 
control have not only proved successful where they have been used, but are 
indispensable for the protection communities contiguous 
mountain water-sheds which have been denuded vegetation. 

stating that the natural cover vegetation affords the “best protection 
from débris”, Mr. Eaton expresses fact has been frequently and 
spectacularly demonstrated California the sequence fire and flood 
that now quite generally accepted. The formulation adequate plans 
for water-shed management, however, still requires the obtaining quanti- 
tative data the degree influence exerted different types and condi- 
tions forest cover, not only upon soil movement, but also upon water 
movement. Such planning requires, furthermore, study the effects 
manipulating “improving” the cover cutting, planting, otherwise, 
and the development methods restoring vegetative control quickly after 
accidental denudation. 

these problems the forester’s interest vital, since California nearly 
all the major water-sheds lie within National forests. Southern California 
where water the limiting factor human development, the primary objec- 
tive forest management produce from mountain catchment areas the 
maximum annual yield useful water—with emphasis the word “useful” 
and with due regard for the increasingly important secondary use the 
forest this region, namely, recreation. 

The California Forest and Range Experiment Station, representing the 
research branch the Forest Service, engaged comprehensive 
program studies water-shed including both field and 
laboratory attacks and giving first priority the aforementioned problems. 
large part this work centered the San Dimas Experimental Forest, 
area 17000 acres within the Angeles National Forest, set aside for 
research purposes special order the Chief Forester, Forest Service. 
The area embraces the entire water-sheds Big Dalton Creek (7.5 miles) 
and San Dimas Creek (18.3 miles), situated the San Gabriel River 
drainage and shown Fig. both commanded near their canyon mouths 
large dams built 1928 and 1922, respectively, the Los Angeles County 
Flood Control District for flood control and water conservation purposes. 
During the three years, 1933, 1934, and 1935, with the help unemployment 
relief labor, the Experimental Forest has been equipped with approximately 
350 rain-gauges, stream-gauging stations, débris measuring reservoirs, 
climatic stations, sample plots, and the necessary roads, trails, tele- 
phone lines, laboratory, and other service buildings. All engineering design 
and construction has been done under the direction the Regional Engineer 
the Forest Service, and all stages, the staff has invited criticism and 
suggestions from loca! engineers, water officials, and other interested persons, 


*The program is described briefly by Mr. BE. I. Kotok, and some representative data 
presented Mr. the Report Progress Conference Water Con- 
servation, Los Angeles, March 1935, the Committee the 
Water, Irrigation Division, Am. Soc. (mimeographed December, 1935). 
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the effort make the Experimental Forest adequate laboratory 
water-shed management and erosion control problems for Southern 

discussing the 1934 flood flow from Pickens Canyon, the auther touches 
the difficulty such flow from high-water marks and 
channel sections after the flood. characteristic such flows their 
scouring action which the stream beds may lowered several feet during 
single storm. Both the exposed bed-rock the scoured channels and the 
roughly stratified structure the great outwash fans their mouths con- 
stitute evidence that such scouring has occurred periodically through past 
centuries. survey Pickens Canyon made members the Experiment 
Station after the flood revealed soil from mile the canyon bottom 
the rate 20000 per lin mile channel. Fig. depicts typical 


PICKENS CANYON, AFTER MONTROSE FLOOD JANUARY 1934. 


section the channel, photographed after the Montrose flood January 
1934, which illustrates the difficulty encountered estimating run-off rates 
débris-laden flows. The upper tape, indicates the highest water stage, the 
middle tape, the pre-storm channel bed, and the lowest tape, the present 
scoured channel was left the flood. Erosion the stream bottom was 
progressive. The question, for which there definite answer, is: “What 
was the channel profile when the water surface was the highest level?”. 
quite possible for the maximum run-off have occurred when the 
channel was only partly scoured and the water surface had dropped below its 
highest mark. 

the effort find positive means measuring débris-laden stream 
flows, the staff the Experimental Forest Station has found the Parshall 
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flume unsatisfactory and developing critical-depth flume with parallel 
sides and sloping floor. Tests this new meter have thus far been very 
encouraging.” 

Regarding estimates erosion with normal water-shed cover the author 
rightly states that information not plentiful. probable reason for this 
lack data that débris production from well-covered chaparral water-sheds 
slight that ordinarily escapes notice. The erosion rates given for the 
San Gabriel, Gibraltar, and Sweetwater water-sheds (see heading “Erosion 
with Normal Water-Shed Cover”) not represent erosion from well-covered 
areas because all these water-sheds had been severely burned over, and the 
Sweetwater water-shed had also been over-grazed for many years. There are 
many variables involved which influence erosion burned areas and also 
the recovery the burned vegetation that unwise generalize about 
either. The author’s estimate 1500 per mile annually from areas 
unburned for yr, more, seems generous maximum. 

From experience the Experimental Forest the writers submit some rates 
erosion, Table 16(a), based upon actual catchments tight reservoirs 


1934-1935 
1934-35 JaNvaRY 1, 1934 


Maximum 


miles ‘ony feet per in cubic 
yards per water-shed second 
uare mile 
Bell 0.097 500* 
Fern No. 0.055 Not burned 
Fern No. 2..... 0.063 Not burned 
Fern No. 3..... 0.083 12 Not burned Tf. 


* This high rate resulted from a small local landslip probably started by construction disturbances. 
Not burned for fifty years more. 


for the entire rain season From the great New Year’s storm 


ending January 1934, the rates measured the same experimental 


sheds were shown Table 16(b). These extremely low run-off and erosion 
rates, when compared with the rates cited Mr. Eaton for the same storm 
the Mt. Lukens burned area, indicate that the quantitative influence 
good vegetative cover considerable. The burned water-sheds received 
average 12.5 in. rain, yielded maximum run-off 580 per sec 
per mile (Pickens Canyon), and erosion rate approximately 000 
per mile (Haines Canyon). Thus, the run-off ratio, covered 
burned area, 1:23, and the erosion ratio, 1:1 600. 


“Experiments with Critical Depth Flumes for Measurement Flow Débris-Laden 
Station, presented the Pacific Coast Meeting the Am. Geophysical Union 
Hydrology), the California Inst. Technology, Pasadena, Calif., February 
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Loss soil erosion the burned area shown Fig. approached 
100 000 per mile. The inter-shrub spaces proceeded form gullies 
almost unhindered, because the wide spacing between burned shrubs, their 
slow sprouting, and the sparseness ground-cover vegetation between the 
shrub clumps. Ground-cover plants are lacking because the soil-stored seeds 
which might have escaped burning, were subsequently washed down the slope 
sheet erosion. 

The unburned water-sheds cited Table 16(a) may considered too 
small significant. Erosion measurements for large unburned water-sheds 
are not available, but run-off records from such water-sheds for the great 


TABLE rrom Warer-Sueps, 


Area, Rainfall, Run-off, 
Water-shed in square _ total, cubic feet per second 
miles in inches per square mile 


* Range of catchment in various rain-gauges. 
Catchment determined statistical analysis the catch 150 rain-gauges distributed over the area. 


storm clearly reflect regulatory influence vegetative cover similar that 
the small water-sheds (see Table run-off rates from these water- 
sheds, lying the same mountain range the burned area, receiving the 
same heavier rainfall, and having similar structure and topog- 
raphy, nevertheless yielded peak run-off only one-tenth (or less) high 
that from the burned area. The logical deduction that the controlled run-off 
from the forest-covered areas could have produced proportionately little 
erosion substantiated the fact that the water, observed during the storm, 
was almost clear suspended matter. 

means reducing sheet erosion from burned water-sheds, the Forest 
Service has adopted from agriculture the idea sowing quick cover-crop 
and has found the lowly mustard the plant best suited the purpose. 
The cost per acre, when sown hand the rate seed per acre, 
averages $1.25. country sown airplane $0.90 per acre, 
but the work dangerous and the seed distribution likely irregular. 
Quantitative data the soil-holding effects are not yet available, but Fig. 
shows typical mustard stand, six months after sowing, which the mustard 
with density plants per ft, has filled the inter-shrub spaces with 
soil-binding roots, while the tops protect the soil from driving rain and wind. 
The oven-dry weight mustard plants, returned protective litter the 
burned soils, ranges from 2000 6000 per acre the first year, and the 
seed production this first crop from 200 1500 per acre. 
expected that the mustard will ultimately crowded out the recovery 
the chaparral. that stage there remote possibility that sufficient seed 
may remain stored the soil for many years produce protective cover- 
crop after some future fire. 
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Sown MUSTARD RATE 


Fic. 16.—Loss EROSION BURNED AREA (PHOTOGRAPHED SECOND WINTER 
Arter Fire) APPROACHED 100 000 CuBiIc YARDS PER SQUARE MILB. 
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Am. Soo. (by letter)—The flood and 
erosion control problem Los Angeles County complex the 
may considered from the following aspects: Physical, meteorological, 
hydrological, recreational, cultural, historical, financial, and political. 

occurs principally upon the coastal plain, 1000 
miles extent, lying between the Pacific Ocean and the base the San 
Gabriel Range, where the elevation reaches about 1000 ft. The mountains then 
rise abruptly within short distance elevations from 6000 10000 ft, 
their slopes covered with deep soil, easily eroded, which supports cover 
heavy brush and timber. This cover constitutes serious fire hazard, and 
when destroyed, heavy flood run-off and débris flows result. Slopes streams 
draining the south side the range are steep, and available reservoir sites 
are small capacity, while the geologic structure the range affords very 
unsatisfactory foundation conditions. About half way between the San 
Gabriel Range and the ocean, and extending parallel it, series low hills 
traverse the coastal plain, with two openings, through which pass the Los 
Angeles and San Gabriel Rivers. Three large ground-water basins—the San 
Gabriel Valley, San Fernando Valley, and the coastal plain—supplied 
percolation streams draining the mountains, form valuable sources water 
supply for overlying lands. 

precipitation, concentrated principally the period 
from December March, inclusive, increases from in. near the 
ocean in. the base the mountains, and in, and more 
their crest, with annual variations from 40% 250% the mean, and 
fluctuations extending over long periods. 

The long dry season extending from the spring until the beginning 
winter, with low humidity which continues for weeks time, creates con- 
dition the brush and tree cover which makes very susceptible fire. 

Hydrological—Damaging floods county-wide extent have occurred 
singly, groups, intervals about twenty-five years. Unit rates 
run-off from such floods are high. 

the mountainous areas the large popula- 
tion the coastal plain invites use the mountains for recreation, which, 
turn, requires that they made accessible. This has been done through 
the construction many trails and, recently, automobile roads. This 
enhanced accessibility has greatly increased the fire hazard with its threat 
removing protective brush cover, and many serious fires have occurred, 
which have further added the flood run-off and erosion. 

population the coastal plain has increased from 
1916, when the last major flood occurred, about 2250000 1936, 
350 per cent. Mr. Eaton’s estimate that only the present population 
has experienced has realization major flood evidence the 
met obtaining public interest the problem. Much settlement 
and have taken place areas subject flood menace without 
appreciation the menace either the part the developers, settlers, 
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public officials. The average population density the area excess 
2000 persons per mile, and high values land and improvements exist, 
many such values occurring areas subject flood menace. 

attention was focused upon problems fol- 
lowing the 1914 flood, the first cause serious damage. Major floods occur- 
ring previous that date, the 1880-90 decade, although greater magni- 
tude than those 1914 and 1916, caused far less damage because the rela- 
tively small population and the lack intensive development. Following 
1914, flood-control district was formed, embracing practically the entire 
County south the mountains. The plan flood control first adopted con- 
sisted primarily channel rectifications and improvement with little attention 
given water conservation. bond issue about $4500000 was voted 
1917 carry out this plan. 

The great increase population occurring the 1920-30 decade focused 
attention upon the need for conservation local water supplies, and, 1924, 
plan, hastily conceived and prepared without adequate hydrologic and other 
data, was devised for which bond issue $35000000 was voted. this 
plan conservation water was emphasized, the bulk expenditure being for 
storage dams the mountains, foremost which was gigantic concrete 
dam the San Gabriel Canyon estimated cost Some the 
smaller dams proposed this plan were built. The large dam the San 
Gabriel Canyon was abandoned, due poor foundation conditions, and plans 
for two smaller dams with much less storage capacity were substituted. With 
the advent bountiful supply water from the Colorado River, interest 
conservation flood water has waned, and the present construction pro- 
gram, amounting nearly and carried the Corps Engi- 
neers, Army, through the assistance large Federal grant, again 
directed entirely toward channel rectification and improvement. 

cost the work done the Flood Control District 
met district tax upon land and improvements only. Since the assessed 
valuation the City Los Angeles, which within the District, has ranged 
from 60% 70% that the entire District, the City has been the past 
(and will the future) called upon meet this percentage the total 
cost the program, except that done under Federal grant. Except for some 
channel improvement the Los Angeles River and the Pacoima and Tujunga 
Dams, the bulk the money spent for construction work has been struc- 
tures and projects outside the city limits, although under the present program 
involving Federal aid, considerable portion the funds are allocated 
projects within the City Los Angeles. The latter has very serious storm- 
water problem within its boundaries, and until few years ago had made 
large annual expenditures for the construction storm drains, the costs being 
raised local assessment. 

Political—The Board Supervisors Los Angeles County acts the 
legislative body the Los Angeles County Flood Control District, and vari- 
ous other County officials, such the Assessor, Tax Collector, Auditor, 
County Counsel, also act for the District. The latter has its own engineering 
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personnel which, however, since the District separate political entity, 
not subject County Civil Service regulations. This form organization, 
originally proposed the interest economy, has not been satisfactory, 
flood-control administration and policy have been submerged 
County issues, and popular opinion has not found opportunity express 
itself flood control alone. 


Proper control measures group themselves into the following: 


(1) Water-shed management, including the preservation existing 
vegetal cover, renewal destroyed cover, and prevention erosion; 

(2) Disposition conservation flood waters (or both disposition and 
conservation), including construction regulation and storage reservoirs, 
spreading works, and flood channels; and, 

(3) Control land utilization flood-menaced areas, including the 
reservation land for reservoir and channel easements and the control 
land utilization and improvement menaced areas. 


Recently, much excellent work has been accomplished Federal and 
County forestry agencies water-shed management. Motor roads afford 
accessibility for fire-fighting have been constructed, and equipment and organi- 
zation for such fighting have been provided. Work progressing restora- 
tion burnt-over areas and prevention erosion from bare slopes. 
extensive program for collecting basic hydrologic data, lacking the time 
previous plans were made and bond issues voted, has been under way for 
some years past. 

attempt was made the 1935 Session the State Legislature 
amend the Flood Control Act, creating for the Flood Control District legis- 
lative body separate from the County Board Supervisors, providing for 
the preparation and adoption plan flood control before 
any further construction work was done, and placing the personnel the 
District’s staff under civil service. Although such revision had the hearty 
support all bodies interested the subject, political opposition 
certain quarters prevented its accomplishment. 

Widespread differences opinion exist among those hoping benefit 
the conservation features the District’s activities the title the water 
which will developed such features, and until this subject settled 
and policy adopted governing the utilization such water, threat 
extensive litigation will continue. 

Nothing far has been done toward the control land utilization 
flood-menaced areas, although would appear that, once such areas were 
designated after proper study and investigation, legal authority probably 
exists prevent such development and utilization through regulation the 
sub-division land the planning commissions the County and 
the various cities within the District. 

Neither has any accomplishment been had the development com- 
prehensive plan flood and erosion for the District which all 
the various phases and aspects the problem—regulation, 
land use, and financing—are considered and co-ordinated. Until such 
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comprehensive plan has been developed and adopted and the opportunistic 
and drifting policy which has characterized past efforts solve the problem 
has been abandoned, future occurrence events which are related the 
author this paper may expected. 


Eaton,” Am. Soc. (by letter)—Mr. Pickett 
states correctly that fire-prevention methods water-sheds are the cheapest 
and best insurance against the débris menace. Next order economy are 
provisions for quick access incipient fires and provisions for adequate 
supplies water assist the fire fighters. The quantity water required 
not large since modern “fog nozzles”, high-pressure nozzles creating 
fine spray protection men and increase the humidity locally, have 
been found very effective. line with the plan advanced Mr. 
Pickett, has been proposed build submerged and covered concrete tanks 
the mountains accessible locations which may filled from rainfall, 
collector channels, adjacent paved areas, readiness for the fighting 
possible fires during succeeding dry season. stated Mr. Pickett, 
limited appropriations have prevented fulfillment these plans. 

measures for prevention and suppression fail, débris basins must 
resorted the last line defense costs which may reach capital 
expenditures great $150000 per sq. mile water-shed. 

Mr. Davenport mentions the accepted procedure, determining annual 
run-off quantities, considering run-off residual after subtracting 
evaporation, transpiration, and other losses. This method entirely proper, 
course, where the primary purpose establish relation between rain- 
fall and run-off, and are particularly applicable localities where rainfall 
less flashy character and water-sheds are not subject physical changes 
the case Los Angeles County. 

Under Los Angeles County weather and physical conditions given 
quantity rainfall season may produce widely varying amounts 
run-off, depending upon the intensities and the previous condition satura- 
tion the water-shed, and detail study daily and hourly precipitation must 
made. the studies Big Tujunga water-shed the problem was mainly 
that arriving the regulating capacity required and the expected peak 
flows during the critical 4-day period rather than determine the seasonal 
run-off. Table therefore, merely general and preliminary study based 
upon the indices seasonal wetness method and was used guide the 
selection critical season for detailed analysis. possible that the total 
run-off for that season, under normal water-shed conditions, would close 
250000 acre-ft. However, there are historical records indicating that the 
water-shed had not fully recovered from previous fire that the actual 
run-off may have been even greater than that shown Table Since all 
historical and rainfall records pointed 1884 the year major flood 
50-yr period, that year was selected for detailed analysis. 

The details the method used computing the 4-day peak flows are too 
long for reproduction herein, but the procedure included: (1) The 
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measurement planimeter, sub-areas from map similar Fig. 
(2) the distance from the point delivery the next succeeding point 
down stream was measured and the channel slope computed; (3) times 
concentration were determined for the sub-areas; and (4) coefficient run- 


off was selected for the average typical soil and cover characteristics deter- 
mined field investigations. 


The flow was then computed from the rational expression, 
average intensity rainfall during the time concentration the 


sub-areas, inches per hour; and, area sub-area, acres. 

The relation between the daily peaks the maximum 4-day flood period 
was derived from co-related studies the San Gabriel River water-shed 
which there are considerably longer rainfall and run-off records than the 
Big Tujunga water-shed. 

Mr. Jarvis states that the conditions Los Angeles County are extreme 
and that the County has combination physical features and high property 
values not commonly met elsewhere. The writer agrees. Nevertheless, similar 
erosion problems lesser degree exist elsewhere the West although, 
fortunately, high concentration population and property values not 
yet lie within the paths débris flows. 

Mr. Blaney mentions the excellent experimental work done Mr. 
Mitchelson, the Bureau Agricultural Engineering, from which much 
valuable information has been obtained. The relatively high rates perco- 
lation obtained Mr. Mitchelson compared with those the writer 
Table are attributable the relatively clear water available for Mr. 
Mitchelson’s experiments. The percolation rates given the writer are 
the main those during receding flood-flow periods when the water was cloudy. 
Were possible, spreading operations, count upon handling reasonably 
clear stream flow the “basin” method spreading could used con- 
siderable saving land costs and spreading works. Under conditions where 
the water carries considerable suspended matter, the ditch system, the 
writer’s judgment, preferable. 

Mr. Rowe infers that the coincidence heavy rain following fire 
remote. The writer cannot agree. storm high intensity, coming any 
time within 3-yr, more, regrowth period after fire will cause débris 
flow; fact, second high-intensity storm within that period may produce 
even greater débris flow than occurred with the first storm due the pre- 
viously loosened water-shed condition. Mr. Rowe mentions check dams 
possible indirect source some the débris. thorough study made 
the canyons immediately following the flows does not support his theory. 
Mr. Rowe also attributes portion the débris flow Haines Canyon débris 
basin the operation gravel pit which formed the nucleous the afore- 
mentioned basin. This theory borne cut neither the examinations made 
the water-shed trace the sources débris, nor the analyses débris 
the basin, much which consisted earth and top-soil originating from 
water-shed slopes. 
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Mr. Lippincott mentions one the difficulties under which the Los Angeles 
County Flood Control District has labored. Although there are the 
District’s files and file public records, many complete reports containing 
valuable engineering data, legal restrictions have prevented the financing 
their reproduction for general distribution and lack general knowledge 
other than that contained the daily press has resulted. 

Mr. Lippincott mentions the publication “Rainfall and Runoff Report, 
Seasons 1932-33 and 1933-34.” fairness previous administrations 
many rainfall data were obtained extending back almost far the 
formation the District and complete rainfall-run-off reports the afore- 
mentioned form, have been issued each year since 1927. 

Mr. Lippincott draws comparison Table between the four dams 
highest unit cost the twelve constructed the District. The average 
cost all dams built the District has been about $200 per acre-ft, ranging 
from $35 $1300 per acre-ft. The average equivalent about cents 
per débris capacity. 

Undoubtedly, dams, even the highest cost mentioned, are more econom- 
ical than débris basins. However, dam sites are limited and the débris basin 
takes its place where adequate dam sites are available. 

Incidentally, considering flood control and conservation features, state- 
ment cost per acre-foot storage capacity alone not indicative flood- 
regulating values, since the reservoirs may regulate single season amounts 
three four times their nominal storage capacity and the conservation 
hold-over storage features are present the underground basins fed the 
regulated flows. 

Messrs. Kotok and Kraebel have mentioned the work being done under 
their direction the California Forest and Range Experiment Station the 
Forest Service. From their results will obtained invaluable quantita- 
tive data that will furnish basis for future planning remedial and pre- 
ventive measures. The writer agrees that his value 1500 débris 
per mile annually from unburned water-sheds may high. 

Fig. shows graphically the difficulty estimating rates débris from 
the high-water mark, and taking the cross-section, after the recession 
the flood. The section the time maximum flow might any place 
between and 

Mr. Baker mentions the difficulty obtaining interest flood- 
protection problems. Fundamentally, the Flood-Control Act itself respon- 
sible. Under the Act, the members the County Board Supervisors, only 
fraction whose time can given flood-control matters, act directors 
without additional salary for that service. Furthermore, the Act provides 
that the County Counsel, County Auditor, and County Purchasing Agent act 
their several capacities for the District without additional compensation 
for this service. Each these reports directly the Board Supervisors. 
Thus, there semblance centralized control responsibility. This 
condition, conjunction with the failure finance, legally, the general 
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dissemination reports and information, the lack legal authority 
finance public relations bureau, has placed the District 
position. 

Although only partly completed completely connected unit, the works 
built thus far have safeguarded thousands lives and have prevented, and 
are preventing, destruction property that might otherwise mount sums 
several times the expenditures made for protection. 

Incidentally, Comprehensive Plan Report was issued the District 
1931, drawing attention the menaced areas and outlining needed protective 
works. stated Mr. Baker attempts amend the Flood Control Act 
have far been unsuccessful. 
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Paper No. 1951 


THE RELATION ANALYSIS 


STRUCTURAL DESIGN 


Confusion sometimes exists structural design the use made 
analyses. The designer soon realizes that precision futile some cases 
and important others, and the experienced designer realizes fully that 
analysis the conventional type frequently poor guide proper pro- 
portions. That analysis shows certain member overstressed commonly 
indicates that the member should made larger; but the over-stress some- 
times has little importance and may disregarded. some cases where 
the over-stress serious, the best solution not obvious; sometimes the 
structural layout should changed entirely. 

Critical study soon leads recognition important differences between 
stresses and stresses which produce appreciable resistance 
the applied loads. The latter may due either external movement 
abutments internal distortions, they may due deformation 
induced one part structure result that another part. The 
load-carrying stresses may also divided into two groups. The distinction 
this case, however, based upon response changes design; these 
sub-groups are not always clearly distinguishable, but they have character- 
istics widely different certain cases force their differentiation. 

classification presented herein, with the idea suggesting con- 
venient arrangement certain familiar characteristics rather than with any 
define the groups formally. The designations suggested, therefore, 


the meeting the Structural Division, New York, Y., 
anuary 17, 1935, and published October, 1935, 
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are for convenience reference only. The non-load-carrying stresses 
distinguished Deformation Stresses and Participation Stresses; and the 
stresses those normal their characteristics and those which 
are hybrid. 

Deformation stresses are consequence strain and strain conse- 
quence internal external movements not due stress the structure, 
such abutment movements, shrinkage, the effects temperature change. 

Participation stresses are similar deformation stresses, but they are 
due quite different cause. They include what are known “secondary 
stresses” bridge trusses and stresses” bracing systems 
special cases. The designation used herein for want better one, but 
the term used wider sense than usual. 

The primary action most structures such that the stress any 
one part independent, nearly independent, that the other parts. 
This termed normal, structural action. The group indicated includes all 
structures statically determined and, for good reasons, includes also most 
the forms indeterminate structure that experience has shown 
useful. 

There type structure which one member cannot designed 
separately but must designed with due consideration for its effect other 
members. Such action referred “hybrid,” because has some the 
characteristics both normal structural action and participation action. 
The group structures seems quite large and have characteristics 
great importance designers. 

Although the designations assigned herein may new, the concepts 
involved are not new. What the writer wishes classify and 
arrange certain views structural design which have honored tradition 
American practice. The paper not intended quantitative, except 
far quantitative statements may help defining qualitative action. 
The classification proposed has some value reconciling discordant views 
held practical designers and those held theoretical analysts, and seems, 
further, have value reconciling conflicting views held theoretical 
students the field. also value anticipating the characteristics 
proposed structural types. 


Deformation outstanding characteristic deformation 
stresses that the strains the structure are fixed and that the stresses 
are deduced from the strains. The stresses themselves are not fixed all, 
but depend entirely upon the stress-strain relation the material. 
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Another important characteristic that strength has nothing, prac- 
tically nothing, with the problem. The strains are fixed the over- 
all dimensions the structure and the amount deformation 
accounted for. The designer finds convenient predetermine such strains, 
reduce them equivalent stresses, and deduct these stresses from the working 
stresses available for load-carrying capacity. 

Participation term used include what are commonly 
known secondary stresses bridge trusses, participation stresses brac- 
ing systems, participation stresses cross-frames due unequal deflection 
trusses girders, cross-flexure the vertical members trusses, secondary 
flexure slender columns bents, secondary flexure slender spandrel 
columns open spandrel arches, and secondary flexure slender columns 
buildings. 

Participation stresses have many the characteristics deformation 
stresses: The strain fixed; the stress consequence the strain; and 
the strain, general, can affected important way only chang- 
ing over-all dimensions and not changing the strength the member. 
Thus, generally known that increasing the moment inertia without 
changing the depth truss members will affect the secondary stresses only 
the primary stresses are affected. 

Another important characteristic these stresses that they not 
increase proportion the load rupture, but increase less rapidly 
after the yield point the material has been passed. They are then clearly 
somewhat less dangerous than primary load-carrying stresses. 

The interest the designer these secondary stresses not deter- 
mine their value exactly but rather sure that this value not too high. 
order what value too high, not sufficient approach the 
problem from the analytical viewpoint. The values permissible design 
vary with the material used, with the importance the member involved, 
and with the type failure that would result. present, secondary stresses 
are accepted necessary evil. Try keep them within reasonable 
figure, and otherwise forget about them. Any effort change this view- 
point represents radical departure thinking the field structural 
design. (In 1934, valuable paper the “Effect Secondary Stresses Upon 
Ultimate Strength,” was presented* John Parcel, Am. E., 
and Eldred Murer, Jun. Am. Soc. Surely, the idea discounting 
secondary stresses not new America; but accurate data the amount 
that may discounted are much needed.) 

important difference between participation stress and deformation 
stress lies their relation the properties the material. The two are 
affected the same way departures from Hooke’s law for, both cases, 
the strain that fixed, the stress being consequence the strain. 
far the ratio stress strain, however, changes with time (time 
flow concrete) the effect pronounced and direct the case deforma- 
tion stresses, whereas time flow distinguished from plastic flow has 
effect all the case participation stresses because, although the stress 
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for given participation strain less time goes on, the strain itself 
the same ratio greater because flow under primary 

the participation strain linear, the case cross-bracing, the 
designer can control the stress only changing the length the member, 
which usually means that cannot control all. the strain angu- 
lar, the designer can the maximum participation stress changing 
the length the member (which usually impracticable), changing the 
depth the plane flexure, and, some extent, changing the form 
variation section along the member. 

Participation stresses are dangerous the extent that they impair the 
primary load-carrying capacity the member. Any generalization about 
them that does not consider the nature failure from primary load 
misleading. 

Normal Structural Action.—The term used herein describe the action 
those structures structural parts which possible determine 
the beginning the approximate magnitude the forces action, and 
which the magnitude these forces affected comparatively little the 
relative stress intensity the parts the structure. 

The most obvious example the ordinary statically determinate structure. 
this type primary stress one member not affected all the 
stresses any other member. All stresses are determined directly statics, 
and the members are then proportioned for the forces which act upon them. 

Most the classical forms indeterminate structures act normally, 
although their action less definite than for structures statically determi- 
nate. good example the ordinary continuous truss, which, practice, 
often designed once without any exact analysis being made after the 
design complete. The experienced designer knows that for these struc- 
tures such analyses will not indicate any important changes his design. 

Other examples are ribbed arches and spandrel-braced arches steel, the 
so-called “rigid frame” bridges hinged footings far the forces and 
moments the knee are concerned. Most cases continuous girders are 
included this type. 

these structures possible follow the procedure recommended 
the textbooks. The engineer told guess the sections, analyze, 
revise, and re-analyze. bad first guess does not make much difference; 
the series designs converges rapidly. these cases, however, the designer 
can much better than bad first guess. Preliminary studies pressure 
lines and the properties influence lines will enable him make good 
first guess—so good that the revision trivial. 

Hybrid Structural Action—The term used herein mean structural 
action which two more parts participate carrying loads such 
extent that the strength one part changed the forces acting other 
parts are largely affected. Clearly, there some interaction all inde- 
terminate structures; the difference here indicated between normal and 
hybrid action one degree, and the two classes merge into each other. 
Participation stresses also are directly affected changes the primary 
stresses, but the relation not reciprocal. 
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Hybrid structural action may divided into two classes from the view- 
point the designer’s knowledge: Those which the nature the struc- 
tural action can foreseen; and those which cannot foreseen. This 
says nothing except that the designer either does does not know what 
doing; but the distinction needs made. 

This type action may further divided into two classes, depending 
whether the structure can cannot designed efficiently laid out. 
very important know this once, but the knowledge depends the 
designer’s understanding the problem. 

very simple example what herein called hybrid structural action 
occurs where two parallel beams are connected that their center deflec- 
tions must the same under single load the center. they are 
the same span, depth, and material, they share the load proportion 
their strengths, and load can assigned one the other will. Even 
the spans are different, this still true the depth-length ratio the 
same for the two beams. 

this case the designer can foresee the action. then designs 
chooses and knows that the stresses will assumed without further 
analysis; the analysis precedes any designing. Moreover, the structure can 
designed efficiently since the stresses the two beams will the same. 
the depth-length ratio different for the two beams, however, they cannot 
designed matter what the designer does, the relative 
stresses will proportional this ratio; but still foresee this fact. 
This case simple; frequently the action the structure not easily 
predetermined and; many cases, the efficiency the design must con- 
sidered for several conditions loading. 

Near the center long trusses having two diagonals each panel, the 
designer may predetermine the stress intensities these diagonals pretty 
accurately. any panel the stress intensities the diagonals are inverse 
the squares the lengths these diagonals there stress 
the posts and the stress intensities the chords are equal and oppo- 
site. For dead load, these conditions chords and posts are nearly 
fulfilled; for isolated loads, they are only approximately correct. 

Knowing this and considering for the present only dead load, the designer 
can assign areas the diagonals will. the chords are parallel, the 
diagonals can designed efficiently; the chords are not parallel, one diag- 
onal must inefficient. Influence lines may helpful, but they fail 
furnish once very illuminating picture the essential structural 
action. For single concentrated loads the effect the stresses the posts 
and unequal stresses the chords may pronounced. single moving 
concentrated loads dominate the design, exact proportioning seems hopeless. 

these cases—parallel beams and double diagonals—the textbook recom- 
mendation guess section, analyze, and re-design, convergence will 
not work very well. the layout efficient, analysis will show the first 
cient, repetition analysis and design will eliminate the inefficient mem- 
ber—after many repetitions—and result simpler structure. 
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Similarly, the king post truss cannot designed for given working 
stresses beam and sag rods except for small range the ratio beam 
depth sag depth, which ratio can predetermined. The chief interest 
the king post truss that, goemetrically, obviously the familiar 
problem truss subjected secondary stresses. Looking the truss 
from this viewpoint, the engineer would first design it; then would reduce 
the depth the beam until the secondary stress was within safe limits, 
could, adjusting the sag rods, produce initial stresses offset the 
secondaries. If, however, attempts utilize these secondaries, put 
them work carrying the load, entirely different structural problem 
presented, and new methods study are required. 

Hybrid structural action also occurs the queen post truss, systems 
intersecting beams, Vierendeel girders, probably most slabs (at least 
where variation depth involved), some problems continuous beams, 
and many problems continuous frames. discussed subsequently, 
the case bents, rectangular wind frames, and arches integral with 
their spandrel structures. 

Study Two-Legged Bent Illustrating the Types Structural Action. 
distinctions herein presented are well illustrated studies two- 
legged bent carrying vertical loads. assumed that the members are 
rectangular and homogeneous. proposed study the flexural stresses 
the columns. The girder section assumed the same throughout 
the discussion but first the depth, and then the width, the column varied. 

the column very narrow the girder acts practically beam simply 
supported. The rotation the top the column must the same that 
the end the girder. The angular strain the column, therefore, 
fixed, and the stress varies almost directly with the depth. the 
column extremely rigid takes nearly the full fixed-end moment 
the girder and the flexural stress varies nearly inversely the square the 
column depth. Between these conditions one which the flexural stress 
the column nearly independent the depth; the column picking 
moment fast can take it. 

the width the column increased, will found that the first 
stage (column slender) the flexural stress the column scarcely affected 
all; the last stage (column stiff) this stress varies inversely the width; 
and the transition stage, the increase width reduces the flexural stress 
somewhat but not all proportion the increase strength. 

The first stage represents structure essentially statically determined 
(post and lintel and beam), but with participation stresses the 
columns. When the column becomes very stiff the structure—so far 
the columns are concerned—is normal its action, the stresses the columns 
being determined for fairly definite moment. the transition stage the 
structural action hybrid and does not respond readily ordinary design 
procedure; increase depth may either increase decrease the flexural 
stress leave unchanged; and increase width (which amounts 
increase moment inertia) produces comparatively little effect. 
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Deformation stresses would produced this structure change 
temperature. the depth column increased, the deformation stresses 
the top the column would vary first almost directly this depth, but 
later would relieved flexure the girder. 

Perhaps the most important fact revealed this case that the flexural 
stresses indicated the hybrid stage are dangerously high, there does not 
seem very much that can done effectively, long the girder sec- 
tion constant. This column may thrown from the hybrid stage into the 
normal stage action, however, reducing the stiffness the girder. 
the rigid-frame bridge this done reducing the center depth the 
girder. 


difficult identify hybrid action unfamiliar structural type, 
but after one has come recognize the type begins early suspect its 
existence certain cases. Probably the chief identifying characteristic 
the type that responds sluggishly erratically traditional methods 
structural design. Successive cycles design and analysis may indicate 
trend, but produce only slowly definite and satisfactory conclusion. 
there are discontinuities this design procedure the traditional process may 
quite misleading. 

Traditional processes are not very helpful this field, although they still 
have their place. these cases there are usually many variables and the 
variation present maxima and minima. should not necessary 
point out scientific men the extreme difficulty—the grave danger—of 
applying purely empirical methods such problems. impossible, 
such case, generalize extrapolate beyond the range data presented 
and almost impossible classify the data for study matter how 
numerous these data are, unless such arrangement based adequate 
theory. 

makes good deal difference what the designer wants do. Where 
the action normal for given proportions, there usually only one 
answer and that easily approximated once and easily determined accu- 
rately cut and try. Where the action hybrid there are many possible 
structures; the designer must make his choice. sense tells the struc- 
ture what wants do, and the structure will try it. If, however, 
something that the structure cannot all, the designer has 
something that the structure cannot efficiently, the design penalized. 
apply the more erudite terminology mechanics this conception, the 
fiber stresses desired may involve incompatible strains. 

This type structural action often best approached from direct study 
the fiber stresses. Spurr, Am. Soc. E., has done this his 
wind-frame and, without discussing herein whether his method 
design necessary, sufficient, invariably satisfactory, the writer feels that 
his contribution the direct method attack great value. 


*“Wind Spurr, McGraw-Hill Book Co., 1930. 
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Rigid-Frame Bent Subject Vertical Loads.—Consider bent the 
so-called rigid-frame type sometimes used for building frames consisting 
roof girder, curved polygonal, carried two columns. The pressure 
line for dead load this structure may lie anywhere between that for 
simple curved beam supported columns and that for three-hinged arch 
(hinges the center the girder and the bases the columns). 

The action the structure may studied either two methods, 
Choose some pressure line which expected give good distribution 
material, determine the moments for this pressure line, and then vary the 
moment inertia along the section satisfy the conditions con- 
tinuity. The depths the sections may then varied choice. this 
method the designer tells the moments where wants them and then decides 
whether likes the result. 

alternative procedure which has some advantage, chooses the 
desired pressure line, selects working stresses along this then varies 
the depths provide the requisite conditions continuity. This requires 
judgment, but may done quite well eye. The moments inertia may 
then determined for these moments, stresses, and depths. The important 
fact that the design may predetermined—and predetermined over wide 
range. 

three points the structure the moments inertia are intention- 
ally reduced compared with the sections elsewhere, the structure now 
becomes normal structure three-hinged arch) with participation stresses 
the weakened sections, which now act hinges. 

Rectangular Wind Frames.—The problem analyzing rectangular frames 
for horizontal forces due wind earthquake accelerations continues 
occupy important place structural literature. seems particularly 
illuminating discuss the problem from the viewpoint proposed herein. 
assumed that the columns have been designed for vertical loads and that 
their sections will not changed; discussion, then, directed entirely 
the design the girders. The effect offsets not 

not intended discuss the participation stresses induced the 
girders upper floors departures from planarity floor levels. The writer’s 
studies indicate that the problem neither important nor difficult 
some have indicated. 

Assume that the girders have been designed some the conventional 
methods. analysis now made and found that some girders are 
overstressed and some under-stressed. Tradition indicates re-design increas- 
ing the size the overstressed girder and decreasing that the girder under- 
stressed. However, analysis will show many cases practically the 
same stresses before; other cases, may show slight improvement 
the stress distribution which will further improved repeated re-design 
certain point; but numerous cycles re-design may necessary 
produce much improvement. 

The girders symmetrical rectangular frame, carrying horizontal loads, 
may designed the following assumptions: (a) Points inflection are 
the mid-points all members; (b) column shears are proportional 
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moments inertia columns; and (c) design stresses girders are pro- 
portional depth-length ratios girders. designed, will act 
designed except near the fixed base. The analysis precedes and dictates 
the design; after design, analysis needed. 

points inflection the columns and distributions column shears 
are assumed throughout the building, the designer can, working from 
jrrotational footings, determine relative stiffness, K-values for the girders 
all the way the building. Negative values for would indicate impossible 
assumptions and positive values might unsatisfactory because, for 
given working stress, too deep girder would indicated or, for given 
depth, too great fiber stress would result. 

The object not recommend this method design, although has 
but rather indicate that alternative the procedure, now 
popular, assuming structure and, analysis, determining the stresses 
it, presumably with view re-design, the designer may predetermine the 
function that the bracing perform, design directly, and then see whether 
the design satisfactory regards girder depths working stresses. the 
two procedures, the second often the more satisfactory. Each method 
useful for certain purposes. 

Note that the sensitiveness the procedure depends upon the relative 
stiffness columns and girders. the columns are very stiff relative 
the girders the moments can applied almost anywhere without disturb- 
ing the desirable condition inflection points very near the mid-points 
the girders; the moments the girders will proportional their K-values. 

seems futile ask which several conventional methods analysis 
most nearly conforms the results so-called exact analysis; the answer 
depends the proportions the structure. Special attention directed, 
therefore, the dangers induction from data whether obtained 
computation, from models, from tests laboratory, unless the range 
the data covers all variables. 

Arches Integral with Their Spandrel Structures—An important example 
hybrid structural action occurs arches that are integral with their 
spandrel construction. has long been recognized that there interaction 
the rib and the spandrels, but such interaction commonly neglected 
design. 

special cases applying such structures, the engineer can see certain 
controlling relations. the columns arch having open spandrels are 
quite flexible and very closely spaced, angular changes along the arch rib 
must the same those along the deck girder, since the vertical deflections 
the two are every where the same. this case, then, the entire structure 
could designed once arch made two members placed side 
side flitch beam. The relative flexural stresses the rib and deck 
ean predicted and may controlled varying their relative depths. 

Clearly, this case, the designer may put all flexural resistance the 
rib, the deck girder; may divide this flexural resistance between 
the two members will; arches have been built all three types—a stiff 
arch without stiffening girder; flexible arch with stiffening girder; and 
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stiff arch reinforced with stiffening girder. course, any case, there 
must some flexural resistance the flexible member and some 
resistance the columns. These, however, will have the well-defined charac- 


teristics participation stresses. 

the columns are not closely spaced the simplicity the picture tatic 
marred both because the flitch-beam picture less simple and also because 
the deck girder now has primary stresses continuous beam. 

the columns become quite stiff, however, the picture becomes very fere 
complicated. Such structure clearly hybrid its action and the nature stru 
the inter-relations not once apparent. Methods studying such cases cert 
have been developed Nathan Newmark, Jun. Am. gen 

important question whether good practice change from tior 
normal structural action with participation stresses hybrid action with 
obvious reduction the factor safety the rib, with little promise cat 
economy, and with much complication and uncertainty design. There one 
little, any, evidence that the participation stresses these structures are the 
dangerous even objectionable. The idea putting secondary stresses 
work not usually very promising. cle: 

Thirty-four years ago Mr. Frank Cilley presented paper under the 
title “The Exact Design Statically Indeterminate Expo- 
sition Its Possibility but The main thesis was that “statical 
with efficiency.” The paper followed previous paper the same author,’ 
and revived discussion long standing the relative advantages 
determinate and indeterminate systems. discussions the paper were 
presented distinguished American engineers and several foreign 
engineers. 

There little question that Mr. Cilley’s views represented those many, 
and probably large majority, the leading American structural engi- 
neers his day. To-day, the other hand, literature contains numerous 
articles extolling the virtues indeterminacy and some writers even 
far attribute indeterminate structures virtues which appear 
contradictory. They are referred “reservoirs resilience,” their rigidity 
praised, are their economy and their strength. 

Since 1900, many indeterminate steel trusses have been built America 
with claims, apparently well supported, considerable economy. More 
important still, new material—concrete—which more conveniently made 
continuous, has come into general use. 


The rather awkward methods analysis current the beginning this 
century undoubtedly delayed the development continuous structural types. 


* Some phases of Mr. Newmark’s extensive studies are reported in “Interaction Between 
Rib and Superstructure in Concrete Arch Bridges”, by Nathan M. Newmark, Jun. Am. Soe. 
Thesis presented the University Illinois 1984, partial fulfillment the 
requirement for the degree of the Doctor of Philosophy. 

Transactions, Am. Soc. E., Vol. XLIII (1900), 


Cilley, Technology Quarterly, June, 1897. 
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that time the analysis some the more complicated types now proposed 
was impracticable. The profession has made progress this field. may 
well now divert the attention structural designers from the endless 
elaboration analytical technique the more important matter interpre- 
tation analyses. 

appears that Mr. paper was directed too much consideration 
what herein termed hybrid structural action. The degree self-inter- 
ference normal structures quite negligible. Each normal indeterminate 
structure usually has determinate analogue comparison with which has 
certain virtues and which has certain virtues comparison with it. 
generalization possible, but the indeterminate structure has won considera- 
tion and often indicated. 

Structures which hybrid action predominates are also sometimes indi- 
their action can clearly foreseen and they are designed for 
one controlling load condition, they may designed economically. Often 
they are indicated for reasons entirely apart from structural efficiency, 
the case rectangular wind-bracing; but where their action cannot 
clearly visualized, conventional procedures analysis computation 
model may furnish little help. 


The paper has indicated four types structural action the characteristics 
which make their separate discussion worth while. These are (a) the 
action that produces deformation stresses; (b) that which produces partici- 
pation stresses; (c) normal structural action; and (d) hybrid structural 
action. Deformation stresses and participation stresses have many character- 
istics common, but are essentially different cause and sometimes 
action. Hybrid structural action represents transition stage between 
participation stress and normal structural action. 

Deformation stresses cannot avoided except avoiding the deformation 
that produces them. They may slightly modified that little more 
strain takes place one point and little less another, but about the 
same total strain—angular linear— will inevitably occur. Linear strain 
due angular strain may reduced decreasing the depth. 

The designer’s interest participation stresses that they shall not 
too high; does not want their exact values. they are too high, 
changes either the dimensions the details construction. What 
“too high” will always remain matter judgment. normal structural 
types only the traditional procedure, first computing the forces and then 
designing for them, applicable. 

Hybrid structures may designed many ways. order that analysis 
may guide design, should precede design that the designer may see 
what ways the structure can act. Then, quite literal sense, tells 
how act and makes act that way. The difficulty that may 
blunder trying have act way which cannot possibly act 
that, the many ways which can act, chooses inefficient one. 
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Structures characterized hybrid action are difficult design and are 
often inefficient any case. Study them made difficult the inade 
quacy traditional methods; almost hopeless, and may dangerous, 
study them emprical methods. 

Generalizations relative advantages determinate and indeterminate 
systems are difficult any case. Some conflicting opinions the literature 
may reconciled recognizing the distinction indicated. 
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DISCUSSION 


observations engineering structures has led increasing atten- 
tion details theory. The normal action, what may more correctly 
termed the idealized action, structures described and taught engineer- 
ing textbooks occurs rarely, and very often other influences cause deformation 
and participation stresses that becloud the issues actual practice. 


oy (a) Uniform Beam, Simply Supported on Brick Walls zy 
(b) Uniform Beam, Fixed-Ended Brick Walls 


(c) Haunched Beam, Simply Supported 


(d) Haunched Beam, Fixed Ends 


Girder Under 
Observation 


Fie. 1. 


good illustration this point afforded tests made Dr. von 
Emperger large number girders for the Austrian Concrete 
Fig. (a) represents girders loosely supported brick walls; (b) repre- 
sents girders well embedded brick walls; (c) represents girders with 
brackets loosely supported brick walls; and (d) represents girders 
with brackets well embedded brick walls. All girders had the same span 
about ft, all had the same cross-section in., and the same rein- 
forcement, except that some beams had brackets the ends, shown. 
Girders (c) failed 75% more load than Girders (a), although according 
the normal action defined textbooks the ultimate strength should 
have been the same. Girders (b) failed 250% more load than Girders (a) 
and Girders (d) failed 575% more load than Girders (a). The participation 
stresses classified Professor Cross were favorable nature this case. 

similar effect was the writer 1934 when having tests 
made dowels connecting concrete blocks, shown Fig. The stresses 


the dowels ultimate load, when computed the formula, were 


from 150000 more than 200000 per in. the re-rolled steel was 
probably less strength than 100000 per in., the effect the friction 
Engr. and Constructor, Chicago, 


*“Mitteilungen iiber Versuche”, Heft IV. 1913. : 
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the supports was increase the strength the dowels 100 per cent. Both 
favorable and unfavorable participation and deformation stresses are found 
concrete pavements, due friction the subgrade. Friction causes the 
concrete crack when the pavement shortens, due temperature and mois- 
ture variation, but when concentrated load deforms the under side the 
slab, the friction causes moment opposite direction the moment 
the concentrated load. 

very thorough investigation similar nature may found the 
report the French Committee Reinforced The Committee 
tested destruction, reinforced concrete floor the Science and Art Build- 
ing the Paris Exhibition 1900. shown Fig. the girders were 
23-ft span, placed centers; they were connected beams 
8-in. stems, and covered 4-in. slab. Concentrated loads from 
10000 42000 were pulled small truck the center line the 
building, and the deformation and deflection one girder were observed 
when the concentrated load was various distances from the longitudinal 
axis the girder under observation. distance the concentrated load 
from the girder ft, ft, and ft, the deflection the girder was 
1%, 10%, and 47% the deflection observed when the concentrated load 
was exactly over the girder, and the Committee concluded from its many 
observations that the stresses produced the last case were 50% those 
single girder, disconnected from the adjoining girders. 

One can readily infer from these examples that secondary stresses often 
help the structures carry higher loads, and so-called inventors have often 
misled the taking advantage this fact. 

The writer cannot agree with Professor Cross that the post and lintel 
structure statically determinate system. The lintel will bend under load 
and throw the upper inside edges the posts into heavy compression, 
thus producing eccentricity the load the posts for nearly one-half 
their depth. consequence, the columns may and may not bend 
produce the top inclination equal the rotation the lintel the 
ends and thereby offer even bearing the lintel. The analysis such 
system has been given the writer elsewhere™. 

All properly designed bents with either slender stiff columns may 
classified good engineering they can defended architectural 
economical grounds. One may consider all deformation and participation 
stresses, the deflections the girders and columns, the flow concrete due 
dead weight, the flow concrete due the interaction concrete and 
steel during shrinkage, temperature effects, active and passive earth pressure, 
and possible movements the abutments. Nevertheless, make structure 
lasting and free from serious blemish, there still lacking very important 
point the beginner, and this practical experience and critical observation 
existing, similar structures. 

ordinary reinforced building construction engineers are accustomed 
design the highly indeterminate girders and slabs the bending moment 


Transactions, Am. Soc. E., Vol. LXXXIII (1919-20), 
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Joint Committee Standard- Specifications for Concrete and Reinforced 
This Joint Committee did not give any rules for determin- 
ing the bending moment inside columns, and, therefore, many engi- 
neers believe that good practice omit them 
tion. Exponents scientific analysis indeterminate structures may object 
such formulas, violating they every rule continuity and compati- 
bility. They may object, furthermore, the ground that such formulas 
not seem based logical reasoning; they were logical, the coefficients 
would different for dead load and for live load and would depend the 
relative stiffness the adjoining members. fact, however, that only 
rare cases (especially when there are very large differences spans 
the adjoining members) will so-called exact analysis make great change 
the moments the supports and the moments the center the girders 
will found considerably smaller than those given the Joint Committee. 
great harm done when the girders are made stronger than necessary 
the central section and the adoption these formulas has saved hundreds 
millions dollars building owners. The introduction this type 
formula the Hennebique, and dates from 1894. Structural 
steel engineers did not have such leader and they are not the habit 
reducing the bending moment girders skeleton buildings from the 
moment freely supported girder. 

Unless similar simple formulas are offered engineers for the design 
statically indeterminate structures such those with two more legged 
bents, rigid frame, and continuous bridges, old and new types arched 
bridges, and single and multiple-arched bents for roof constructions, the 
writer convinced that truly great progress will made this field 


-in the United States. The writer has seen designs that nature which cost 


considerably more than statically determinate structures. Collections such 
formulas have appeared handbooks Europe and represent the labors 
many conscientious workers, but they need much elaboration before American 
engineers will have sufficient confidence use them often. The fact that only uni- 
form sections are used for the various members works against their use for long 
spans; deflections are not given; proper details and examples are presented 
only sparingly and theoretical spans instead clear spans are used order 
facilitate the computations. The work Strassner, published more 
than twenty years ago, marks great progress shows how deal with 
members varying sections. marked the first attempt improvement; 
still very theoretical, and the assumptions and the tables still contain 
errors. These tables have been used American engineers for the construc- 
tion tables other coefficients; the latter may contain additional errors 
and caution necessary using them. 

Such handbook the writer has mind cannot written single 
expert college professor and his most capable assistants, but must 


Proceedings, Am. Soc, October, 1924, Papers and Discussions, 1153. 
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the work great many experts and their associates, and each problem 
must investigated least four men, working, independently, groups 
two. There question but that the solution statically indeterminate 
structures requires much tedious work. The most skillful mathematician 
likely make many errors, but two men working together can save time and 
avoid most errors. present, only two methods are known for the solution 
statically indeterminate structures: The mathematical theory elasticity 
and the mechanical solution apparatus such those Professor Beggs, 
Gottschalk, Nubupest, and others. The mathematical theory elasticity 
states neither more nor less than that: Every particle the interior 
body must equilibrium; every particle the boundary surface must 
equilibrium; stress must compatible with strain every point; 
and, course, the entire body must equilibrium the 
action the loads and other forces such reactions surface 
tensions (frictions and shear from adjoining bodies). 
tically impossible solve the simplest case member 
according the strict theory, and simplifications are 
particle equilibrium when the sum the components all forces 
(stresses) acting this particle parallel the and axes are zero. 
One simplification most often used disregard the stresses parallel the 
and Z-axes and confine the investigation the stresses parallel 
the X-axis, which may assumed the longitudinal direction 
the member. Another simplification which often necessary investi- 
gate the stresses conditions equilibrium only one two sections 
the member, and hope and believe that nothing dangerous nature will 
happen other sections directions which are not investigated according 
the rules elasticity. good example Clapeyron’s theory continuous 
girders. Clapeyron established the conditions equilibrium sections over 
the supports making the stresses parallel the direction the girder 
both sides the section equal and opposite direction. Professor Cross’ 
language established the principle continuity, but committed the inex- 
cusable error not considering the stresses due the width the support, 
which error changes the result 20% most 

the traditional treatment fixed arch, the conditions statical 
and elastic equilibrium are generally applied only one section, and most 
easily one abutment. The arch considered cantilever fixed the 
other abutment, and, under the assumed loading, the other abutment which 
being investigated assumed deflect horizontally distance, and 
vertically distance, and assumed rotate through angle, The 
problem find the horizontal force, the vertical force, and the moment, 
that would cause the deflections, and and the rotation, vanish. 
order find and Ma, the cantilever treated common girder 
and the horizontal and vertical deflections and the rotation the free end 
abutment are computed for the loads and the unknown and 
Then, the so-called elastic equations are formed by: Equating the sum all 
horizontal deflections zero; equating the sum all vertical deflections 
zero; and equating the sum all rotations the end zero. 
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Not many careful tests have been made establish how correct the designer 
when uses the formulas for the deflection and rotation straight 
girder uniform section for the computation the deflections and rotations 
girders curvilinear form with markedly varying section, knees-braces, 
other irregularities. extreme cases the error probably the order 
per cent. The identical equations can obtained the theory least 
work, the principle virtual velocities, equations. The 
latter are simply rules for obtaining deflections and intrinsically 
they are not more scientific than the foregoing procedure and not imply 
“exact” theory elasticity. 

There are many methods obtaining the deflections: arithmetical 
summation, integration, the moment-area method, the 
tion method, and the shear-area method, only few. These 
methods are not new theories elasticity some writers would 
like have them called, but are more less cumbersome methods 
finding deflections. New methods are re-invented every new 
generation engineers the desperate search for finding the nearly 
impossible—a simple method computing deflections. indeter- 
minate structures would used more often and more scientifically and 
would much better understood only one method had been taught the 
last seventy years, and that method had been thoroughly elaborated. 
The many methods described recently literature are only confusion 
engineers. 

order shorten the analysis typical structures, engineers have com- 
puted the deflection and rotation certain points these structures for unit 
loads placed various positions and have presented the results their laburs 
the form diagrams and tables, which are not yet simple enough 
great use. 

the case highly indeterminate systems with hybrid action, 
termed Professor Cross, such trusses with double diagonals, skeleton 
girder and column constructions, and series curved roof bents, the designer 
must deviate still further from the teachings the theory elasticity 
before can find way analyze the structure. must make new guesses 
assumptions, and one the oldest and best that Saint-Venant, who 
assumed that the local disturbance caused load particular point 
(or member) dies out short distance from the point application. This 
guess, rule, principle (some even call theory), when applied girder 
skeleton building, can expressed follows: Consider the girder 
analyzed connected only the adjoining spans and columns, the next 
adjoining spans and stories being considered having influence the 
girder. The far ends the adjoining girders and columns may considered 
fixed rotated angle suitable the case. The surprisingly simple 
results were given the writer many years ago.” 

The mathematical difficulties imposed the exact theory elasticity 
(and very often its simplified form) being insuperable, the analysis 
most statically indeterminate structures beyond the realm science and 
becomes art, which experience, skill, imagination, guesses, and hypo- 
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theses, often obscure origin, play greater than and where 
charlatans may run riot and false prophets may shine the utter confusion 
the student. properly conceived handbook would elevate the art, which 
still very low ebb. 


fication the types structural action and the stresses producing the 
different types presented this paper. Further emphasis might easily 
placed upon the question when secondary stresses may may not lightly 
neglected. The “dishing out” floor-beam webs and the cracking 
stringer-connection angles some old railway bridges give evidence 
secondary stress effects neglected their designs. 

The factor safety, more often the “factor ignorance”, allowed 
the spread between the specification stresses and the elastic limit steel 
bridge design cover secondary stress and other effects could put 
more rational basis the secondary stresses were given greater consideration. 
Members having low percentages secondary stresses compared their pri- 
maries, are heavily penalized giving them the same basic allowable unit stress 
those members having high percentages. The fact that the secondary 
stresses have little effect the ultimate strength members does not mean 
that they should allowed produce greatly unbalanced total stresses below 
the elastic limit because this the range usefulness most structural 
members. Truly more data the question when—or how—to discount 
these secondaries are needed. 

Much refinement analysis has been made the decade, 1925-1935, but 
needed improvements specifications covering unit stresses appear have 
received little attention. obvious, that analysis directly tied with 
design stresses, the question details (which also somewhat behind 
progress). 1923 there was considerable discussion the validity 
the unit stresses being proposed specifications for railway bridges“. Many 
prominent engineers looked with disfavor upon the policy using the same 
low unit stress for dead load used for live load cover future increases, 
uncertain impact, but little was accomplished. hoped that, 
delving into the types stresses involved structural action, Professor 
Cross will also revive interest how evaluate them terms more 
applicable design stresses. 


paper Professor Cross has made notable contribution the literature 
structural design. The problem discussed not one detail method, but 
balance, plan action, and criteria for determining the 
choice method. might almost said that the author presents prag- 
matic conception structural design. The problem involved needs discussion. 
much literature structural analysis has arisen that any one supervising 


Easton, Pa. 
Transactions, Am. Suc. Vol. LXXXVI (1923), pp. 532 seq. 
Structural Engr., Water Purification Plant, City Engr.’s Office, Milwaukee, Wis. 
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design work continuously faced with the need for decisions how far 
the use analytical methods. There question but that, the 
one hand, certain practical problems are analyzed mathematics too com- 
pletely and too well. the other hand, other problems are too little 
analyzed—solved too much rule-of-thumb methods. Only rarely analysis 
checked common sense keep within bounds while making full 
use its possibilities. The personal element complicates the practical prob- 
lem, one designer enjoying the mathematics theory too much, while another 
relies too much experience, which may imperfect and misleading. 

The term, “hybrid”, used Professor Cross, however, very unfortu- 
nate. The writer refuses use this term, and will use instead “monolithic” 
being more appropriate. The criticism that monolithic action natural 
and fundamental some structures, whereas the term, “hybrid”, suggests that 
combination two types action. Professor Cross has recognized 
that the basic nature monolithic action his method moment distribu- 
tion, wherein every computation starts assuming perfect fixation each 
end each member. the same time, the use this inappropriate term, 
“hybrid”, seems bound with fundamental misconception. gen- 
eral, scarcely structure has been built which true and natural action 
not some sense “hybrid”. would impossible avoid the design 
structures that not somewhere, some manner, deserve this term 
opprobrium. The real point issue not whether “hybrid” structures can 
cannot avoided; rather how best take account actual mono- 
action and its effects. 

The criticism this term only incidental, course; but order 
clarify the misunderstanding that suggests, and also lead the way 
examination certain detail problems, the writer presents first some general 
considerations. These thoughts are partly development ideas expressed 
Professor Cross’ paper—one concerning the need reconciling discordant 
views held practical designers and theoretical analysts; the other 
that the designer often tells structure what do, and then must see that 
efficiently. Professor Cross makes division and then pays very 
little attention deformation stresses, participation stresses, 
normal structural action. stresses the increasing importance 
monolithic action, and this point all will agree. because this 
importance that structural analysis becoming more widely used 
and, the same time, more complex. 

Two Conceptions Structural analysis often 
considered exact science. The aim under this conception secure 
exact picture, means computation graphic analysis, action 
the beam structure under stress; its deflection each point; its 
tension, compression, shear this point; its dangers cracking, 
twisting, crushing, ete. This conception very commendable within limits, 
but its limits are narrow. Only beams simply supported, simple continuous 
beams, deep trusses, simple frames, and few other structures can analyzed 
this complete and thorough manner; and, usually, these structures will not 
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analyzed for practical reason—that is, the lack time. Where such 
complete analysis possible, imagination and experience usually make most 
unnecessary. 

larger conception analysis must sought, partly account cur- 
rent lack knowledge, and partly account one’s inordinate ambition 
build complex things and meet complex situations. Columns—simple and 
compound, flat-slab systems, complex frames, and various other structures 
that cannot completely analyzed present—must designed. Design 
cannot wait for perfect analysis; matter fact, never has done 
Design has always led the way for analysis. Properly understood, design 
requires the larger conception analysis. Analysis longer complete 
and exhaustive prophecy stresses and deformations. Instead, must 
relied upon basis rational comparison whereby and unusual 
conditions may assimilated simple and ordinary conditions. 

matter fact, the actual progress structural analysis such that 
even approximate prophecy action many structures impossible. Espe- 
cially this the case where pressures against, produced by, earth are 
involved. one knows exactly what happens complex footing 
wharf bulkhead. Only the larger conception design reasonable 
use mathematical analysis connection with such structures. Analysis 
then guide rational comparison between proposed design and 
existing structure somewhat similar. Such structures include columns, foot- 
ings, flat-slab floor systems, steel and timber sheet-piling, and monolithic 
frames concrete. The computation guide design, but cannot 
considered exact prophecy. 

This larger conception analysis, the basis comparative design, 
the rational method transfer experience from shorter spans longer 
spans, from narrow panels wider panels, from light loads heavy loads, 
from static forces moving forces, etc., needs discussion and elaboration. 
The outmoded prejudice against indeterminate frameworks, still often 
expressed verbally, clearly consequence the conception analysis 
exact prophecy. The current interest frame analysis, shrinkage and 
secondary stresses, and soil sign that the conception 
analysis basis rational comparison the ascendency. This interest 
sometimes leads the assumption impossible tasks, with resultant dis- 
couragement. Perhaps discussion certain definite problems, from the 
broader point view, criticizing methods the light purposes, may 
some benefit. 

The Simple Beam.—The outstanding case “normal structural action” 
perhaps the beam one span simply supported each end. this case. 
when loads are given, shear and moment and deflection diagrams can 
drawn quickly, and, superficially considered, prophecy action might 
considered quite definite. Theoretically, however, prophecy not all 
exact, and even practically there may some question. 

The fundamental assumption beam theory, that plane section before 
bending remains plane after bending, only approximately true. 
rectangular metal section, might quite accurate, but steel I-beams 
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channels, timber with its grain and flaws, and reinforced concrete with 
its two different materials, this assumption only justified the practical 
need for it. Shear computations are very rough. Even homogeneous 
rectangular section, necessary use approximation estimate the 
relation maximum unit shear average unit shear. Furthermore, deflec- 
tion computations usually neglect shear deformation entirely, whereas some 
types beams greater magnitude than moment deformation; that is, 
even simple beam ell the computations for shear, moment, and deflection 
are based assumptions which are usually approximately true, but which, 
exceptional cases, may very far from the truth. 

This fundamental assumption beam theory only supposed hold 
true when stresses exceed the elastic limit the materials. This elastic 
limit itself more less uncertain value, more variable some materials 
than others. law elasticity, that stress varies strain, may 
become invalid particular cases for various reasons, such as: (1) Overload- 
ing member; (2) heterogeneity material (as timber) (3) gradual 
departure from the straight-line ratio (as concrete). 

Certain practical conditions may also arise where the difficulty more 
serious. Consider particularly the matter lateral stiffness. Girders carry- 
ing rails across track hoppers, for instance, require more attention lateral 
bracing than routine moment and shear computations. From the designer’s 
point view the lateral forces acting are due chance and cannot esti- 
mated except empirically. Cross-bracing diaphragms introduced stiffen 
such girders make them “hybrid” structures, which must act monolithically. 
ordinary floor the beams are braced their top flanges the slab. 
That this occurs recognized practical design certain rule-of-thumb 
devices (cross-bracing, tie-rods, top The effect these devices 
make “hybrid” structure even ordinary floors. 

Thus, general, even the simplest types may exist under 
conditions that make them complex action, and unsafe design 
“normal structural action”. loads, the mechanics buckling, and 
the relation between shear and tension, are not very well understood funda- 
mental theory, and must dealt with constant watchfulness the part 
the practical designer. “Hybrid” action which must taken into account 
some manner exists many unsuspected details. With this warning 
mind, moment, shear, and deflection diagrams serve very satisfactory 
guides for the design simple beams. they are only approxima- 
tions. Materials not conform thoroughly the assumptions design, 
even the most favorable cases. Lack material may result 
eccentricity and, therefore, so-called “hybrid” action, where the assump- 
tions are practically perfect every other element, and the designer must 
the lookout for such possibilities, even the simplest cases. 

Even strut tie designed for axial stress only. presents many uncer- 
tainties when examined inch inch (who knows the exact details internal 
stresses tension member around the rivet holes, for instance?); that, 
general, plain tension compression members, well simple 
beams, there are uncertainties fundamental assumption, uncertainties 
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homogeneity, uncertainties rigidity, uncertainties local stress, and uncer- 
tainties perfect elasticity which make the theoretical part the design 
very imperfect, considered exact prophecy. this case generalization 
may made. Even the simplest cases, theoretical structural analysis may 
considered successful only when, and because, guide safe, 
economical, and efficient design. 

The Long Column.—The foregoing uncertainties apply complex struc- 
tures just surely simple structures; but there other uncertain- 
ties many kinds. One these uncertainties appears the case the 
long column. Briefly, the best method analysis seems indirect 
one; namely, the selection section such that under chance small eccen- 
tricity, the tendency bend does not increase with time. Other methods 
analyzing long columns are not truly methods analysis, but rather 
methods empirical design. 

this case the rational purpose design that chance deformation 
stresses shall controlled that they not essentially tend increase 
with time. Here, clearly, one small part column weakened unduly, 
the result will throw enormous stresses into other parts the column. 
Returning the Cross definition hybrid action, then, one may conclude 
that any long column “hybrid” structure, which, course, simply 
another way stating that prophecy difficult, regards the exact action 
long column. 

The Monolithic Frame.—The uncertainty prophecy complicated 
entirely different type difficulty the case the monolithic frame. 
Assume for the present that all external forces are definite, known, and static 
(which rarely the case, as, for instance, track culvert). The argument 
whether clear opening center distance shall used for each span 
will perhaps never decided finally. Theoretically—that from the point 
view prophecy—this very vital question. one decision made, 
end moments and shears will computed, which are very large and which 
cannot possibly develop; and, consequently, the ends the moment and shear 
diagrams must adjusted neglected. the other decision made, the 
question must more less arbitrarily settled the treatment certain 
axial and eccentric forces acting frame walls. 

Practically, this question not such serious one, but only because the 
point view prophecy must necessarily abandoned. Whichever decision 
method makes, the designer follows that method through various 
structures, and learns what adjustments make order obtain 
tory design. His analysis value basis comparison, not 
prophecy. Enough structures the kind have been designed, built, and 
tested serve starting point for the comparison. 

Deformation Stresses shrinkage, and temperature 
changes normally affect all concrete structures; ordinarily, course, the object 
distribute deformations, assigning them definite joints definite 
locations. 

certain cases, however, such changes cause participation stresses, thereby 
approaching “hybrid” action. Such case arose the design certain 
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structures for the Water Purification Plant, Milwaukee, Wis. this 
case, water-tightness requires continuity certain walls and slabs, whereas 
the fact that certain slabs frame into wall different elevations means 
that temperature changes the slabs will throw bending stresses consider- 
able magnitude into this wall. Only systematic comparison some 
kind between temperature deformations these slabs, and 
deformations the wall, can the resulting moment the wall deter- 
mined. The stiffer the wall, the greater will the resistance temperature 
deformations, and the greater the moment the wall and the tensile stress 
the slab. 

The principle involved, that comparison deformations, course, 
fundamentally the principle all monolithic action. All methods indeter- 
minate structural analysis, whether graphic algebraic, whether based 
conjugate joints thé slope-deflection principle the theory least work, 
are methods discovering distributions stresses for which certain deforma- 
tions are equal and consistent. the writer understands correctly, Professor 
Cross looks upon simple and obvious uses the principle deformations 
eases “normal structural action”, whereas more complex uses this prin- 
ciple are covered the term, “hybrid action”. 

this point, elements uncertainty that must taken into 
structural analysis, even including the so-called “hybrid action”, have been 
discussed; but all the cases examined thus far have assumed known and 
definite loads acting the structures question. Other elements uncer- 
tainty exist, which the writer wishes include this discussion, which 
external loads are increased decreased the action the structure 
analyzed. Every designer has analyzed some these cases, sometimes 
guess, sometimes rough assumption, sometimes more careful analysis 
which, however, always open question its meaning. The writer 
believes that analysis these cases usually practically possible, and, 
general, should undertaken; but such analysis clearly wasted time 
and effort considered exact prophecy. 

Simple assumption commonly made that earth pressure 
uniform over the entire area the footing (for centered loads) that 
varies uniformly from one corner side the opposite the design 
footings this assumption nearly always the safe side, used 
very often although known erroneous. The more accurate assumption, 
that intensity earth pressure varies the deformation its surface plane, 
use many cases, starting does with differential equa- 
tion the fourth order. Practically, extreme theoretical accuracy not 
required. Consider, for instance, simple wall footing, with centered load. 
The theoretical curve earth pressures sine curve, but parabola 
ellipse may used without serious error; that is, the resulting shear and 
moment curves will the same for practical purposes. fact, straight- 
line diagram may drawn, which also sufficiently close approximation. 

more complex cases, with two more columns footing, the 
introduction wind impact forces, exact earth pressure diagram becomes 
practically, although not impossible draw. some cases, 
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practical approximations for design purposes can made quite satisfactorily; 
other cases apparently amount study and discussion will obtain 
approximate earth-pressure diagrams, and the designer must analyze the 
structure the method limits, assuming several possible worst cases, 

The situation further complicated, course, the difference action 
between sand, clay, hardpan, and rock, and the usual lack homogeneity 
the foundation material. this case, the essential point that stresg 
the footing and stress the foundation material are related each other 
means deformation. The stress each the capacity the 
other take stress, and not small degree, but vitally. Thus, the load 
tribution cannot known until the design settled. This really another 
type structural action not included the paper, and should given 
separate generalized discussion. Perhaps the term 
action might coined for this type structural action. 

The footing means the most complex form “reactive” action. 
There are least two definite forms which design analyses are being 
carried where such “reactive” action exists more complex form. 

used anchored cantilever bulkheads, for 
quays, and slips, the sheet-pile loaded active horizontal forces due 
water and earth pressures, and place the passive resistance 
the earth near the bottom, and anchorage the top. The anchorage 
the top, turn, often held equilibrium developing passive earth 
pressures. Separating the items loading and structural action, then, 
the following items remain considered: (1) Water pressure, which 
perfectly definite, and can computed without appreciable error; (2) active 
earth pressure, which definite but more difficult determine exactly, and 
nevertheless can usually approximated sufficiently well for practical pur- 
poses (like water pressure, this pressure exists independently the deforma- 
tion the movement piles); (3) passive earth pressure, usually greatest 
near the bottom the sheet-pile (in some cases passive earth pressure can 
estimated very closely the conditions static equilibrium, and, 
other cases, depends Item (4)); (4) bending action the sheet-pile, which 
must considered because only deformation movement can passive 
developed; (5) deformation the top the pile, due give 
anchorage, axial stress anchor rods, and bending wales; and (6) passive 
pressure developed the anchorage, which mutually depends upon and affects 
all these other items. 

Theoretical methods have been proposed, which take certain these items 
into account. Empirical methods have been used, which take all them into 
account, although often the cut-and-try method. clearly difficult 
type analysis, because pressures that can themselves estimated primarily 
only methods indeterminate structural analysis determine, and turn 
are modified by, pressures which secondary analysis means 
deformations must made. 

The term, “complex reactive” action, may applied this type action. 
Design analysis this type might considered attempt prophecy 
action, but such certainly not exact. 


flo 
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Roadway element contingency enters into the design tall 
allow for lateral resistance regions subject hurricanes and 
earthquakes, the selection sizes for culvert drains regions subject 
heavy rainstorms. The heaviest conceivable winds earthquakes cannot 
resisted economically; and the heaviest rains must expected cause 
floods. First, the designer must decide where draw the line between high 
cost and awkward structure one hand, and greater convenience and economy 
with less safety the other. 

similar element contingency occurs the design roadway slabs, 
addition the consideration moving loads, impact, and “reactive” 
action. all sub-grades were compacted perfectly and remained there 
would little bending stress any roadway slab. Modern construction 
methods attempt produce perfect sub-grade which will remain perfect. 
Consequently, although the designer may feel very sure that there will 
failures sub-grade, matter experience, cannot prophesy where 
failure will occur, how far will extend. The assumption usually made 
that circular failure certain diameter will occur the sub-grade, 
and that the slab should reinforced carry expected concentrations across 
such holes, whether central the edge slab. 

the selection the diameter assumed sub-grade failure, the designer 
again drawing the line contingency. this case design analysis must 
cope with third type “reactive” action which might termed, “contingent 
reactive” action. Such design analysis not prophecy even approximately, 
but only basis comparative design which may standardized after 
testing use. 

Criticisms.—After consideration these rather ordinary cases, obvi- 
ous that Professor Cross’ very excellent introduction the subject needs 
some modification. emphasizes two points about which there can 
question, and which are very enlightening and suggestive. The first the 
generalization participation stresses, which, not new, certainly 
worded effectively, that deductive reasoning can draw out again from 
the fruits experience which have gone into its formation. The second 
the pragmatic conception design where so-called “hybrid” action exists. 
course, the personal element enters in; nevertheless, often occurs that 
the designer “tells structure what wants do, and the structure will 
try it.” 

because the characteristic monolithic and complex structures 
herein indicated, that safety structural design can obtained often 
without lengthy theoretical analysis, and with only slight loss economy. 
the method limiting cases, which attempt prophesy several 
the worst conditions that might occur opposite extremes, often possible 
design, safely and quickly, very complex structure. 

The writer has previously criticized the author’s use the term, “hybrid”. 
Now, seems place comment upon another use words, namely, 
“normal structural action”. This phrase not much unity seems 
because the author includes not only statically determinate structures, 
but also monolithic structures varying degrees complexity, similar only 
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that the experienced designer can approximate their true action without 
much study. other words, design analysis method 
actual action applicable. 

summary the writer wishes emphasize several points 
which have been raised. The first that “normal structural action” not 
convenient term; even the simplest static action includes many elements 
uncertainty. Furthermore, should subdivided into static action, and 
simple monolithic action, which are quite different their essential 
“Hybrid” action perhaps excellent term for complex indeterminate action 
when definite load divided according relative stiffnesses two more 
independent partly independent structures systems 

Certain new classes have been proposed which should included, resulting 
revision the classification Professor Cross, follows: 

Determined Strains: 

(A) stresses; and, 
(B) Participation 


II.—Types Action for Supporting Known Superimposed Loads: 

(C) action; 

(D) Simple action; 

Complex frame action; 

(F) Hybrid interactive action; and, 

analyzed action (columns, flat siabs). 
Action Which Loading Affected Action (“Reactive”) 

(H) Simple reactive action; 

(J) Complex reactive action; and, 

(K) Contingent reactive action. 


The writer agrees with the author very heartily his suggestion that 
further distinctions are needed the general discussion the relative 
advantages determinate and systems; and that 
Professor Cross will concur, least general way, with the further 
suggested herein. 


rather than its magnitude the subject this paper. Since most the 
papers concerning structural analysis appearing the technical literature 
the last ten years have dealt with the technique stress determination, 
this paper deserves special attention. 

From the author’s point view analysis suggested 
measuring device for efficiency. Thus, loads were fixed, statically determi- 
nate structure which was built along the pressure line corresponding the 
given loads would efficient possible far structural action was 
concerned. 

The fundamental assumption made structural analysis the effect 
that under the action loads the geometry the structure remains 
unchanged regards span, depth, angles, etc. Under this assumption both 
statically determinate and indeterminate structures are analyzed for 
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primary stresses. the analysis statically determinate system 
unnecessary know the make-up the members their properties, 
except sure that they are such that deformations caused the loads 
not have appreciable effect the dimensions the structure. 
would difficult, for instance, determine ordinary methods the stresses 
structure made rubber the loads were such cause large 
deformations. For indeterminate structures with constant moduli elasticity 
the make-up the members must known since “hybrid” action present 
practically all cases. The writer acquainted with truss, continuous 
over three spans, which the make-up the lower chord members adjoining 
the intermediate piers had marked effect the stresses other members. 

The fixed arch, which very common structure, exhibits hybrid action 
(as defined the author) high degree. Under the action temperature 
the stresses the springing are greatly effected the thickness the crown. 
Fig. illustrates the case which increase the depth the crown 
arch did not necessarily lead reduction unit stress.” This structural 
action one which ordinarily cannot predicted. circular arch 
found that temperature stresses can reduced more effectively increasing 
the central angle than changing the strength the member. 


w 


Crown Stresses Due 
to Temperature 


sey 18 22 26 30 
Thickness of Crown in inches 


type action that may classified under participation stresses, 
although the stresses produced are load-carrying stresses, that which 
illustrated the modern suspension bridge which advantage taken 
the increase the sag the cable computing the maximum pull. 
Another case the same type action shown Fig. for the continuous 
plate subjected normal load and supported shown. 

study the development structural forms furnishes fertile field 
illustrations the types action classified the author, and the history 
the development these forms illustrates how structural analysis has 
helped the production frames that have primarily normal structural 
action. study this development would valuable part the cur- 
riculum engineering schools are those parts which deal with the 
technique stress determination. 


Bruce Jun. Am. Soc. (by logical and 
concise classification the factors underlying the relation between structural 
analysis and design has been presented the author. The paper deals prin- 
cipally with determinate and indeterminate frames, but the same logical 


“Design Symmetrical Concrete Arches”, Charles Whitney, 
Transactions, Am. Soc. Vol. (1925), 998. Soc. E., 
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thought applies well the study any structural part, detail, however 
small. The “participation stresses”, defined the author, become some- 
what analogous localized concentrated stresses structural detail, 
which increasing attention has been drawn recent years. 

Every structural element designed perform definite service without 
failing deflecting too far under the working load that carries. Obviously, 
the safe working load the structure should specified fraction the 
load which the “limit structural usefulness” reached. The “limit 
structural usefulness” usually not function the maximum stresses 
alone, although may special cases. Many studies have been made 
with regard theories failure under combined stress with none 
yet generally satisfactory; but the results such theory, even avail- 
able, would usually have only indirect relation, any, the general 
failure any particular type structure whole. 

Studies the stress distribution mathematically idealized elastic 
body present varied and interesting mathematical problems. Although solu- 
tions many these problems form the basis and historical background 
structural analysis, the continued search for new solutions leads often 
into byways small practical significance, and the subject “stresses” may 
receive disproportionate attention the expense more complete considera- 
tion general structural the point failure. 

The “limit structural usefulness” any structure may determined 
experimentally plotting the load-deflection diagram and determining, 
one the various arbitrary means available, the yield point the structure 
unit. every element material the structure still the elastic 
range the “limit structural usefulness” approached—then exact 
and complete mathematical analysis gives close approach the solution 
the particular problem. However, many types structures, made wholly 
part ductile material such structural steel, slight “giving” 
the material local parts often effects favorable redistribution stresses. 
sych the local deformations may cause relatively negligible perma- 
nent deflection the structure whole. Although this fact well known 
among structural engineers, its importance sometimes lost sight those 
who may interested only elasticity photo-elasticity. some cases, 
however, exemplified both the first and second failures the design 
and erection the Bridge, the neglect secondary factors caused 
failure. The conclusion must that mathematical analysis and engineering 
judgment are inseparable factors, one without the other being great use. 

The following outline gives examples some the principal zones elas- 
tic, action within which the limit structural usefulness may fall: 


A.—Limit structural usefulness reached within, the limit of, the 
elastic range the material: 


(1)—Limited elastic stresses; 
(2)—Limited elastic deflections; and 
(3)—Limited buckling. 


Theories Materials Subjected Combined Joseph Marin. 
Jun. Am. Soc. C. E., see p. 1162. 
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B—Limit structural usefulness not reached until after parts the 
structure have passed the elastic limit: 


yielding localized and not significant; 

yielding localized critical point, leading 
failure; and, 

(3)—Limited buckling. 


Numerous examples different structural types may found fall under 
each the preceding headings. 
Both the allowable working load and the limit structural usefulness may 
further conditioned any the following: 
hazard and type use which the structure 
put; 
(2)—The type loading—static, dynamic, repeated, alternating; 
(3)—Physical properties and uniformity quality material; 
and 
(4)—Precision fit and type fabrication. 


Continued research needed further the correlation these factors 
studying the entire “load history” all types and variations structural 
elements which are used current engineering practice. Further develop- 
ment the theory elasticity combination consideration 
plasticity will greatly the effective usefulness many precise 
theoretical analyses. 


readers accustomed looking for strings equations and tables numerical 
data earmarks distinction will fail realize the value the structural 
proposed this extremely important paper. well keep 
mind that the paper although qualitative and philosophical nature, 
betrays extensive quantitative research high order. Such research, 
involving both analysis and design, must necessarily support the significant 
conclusions reached the author. 

The inclusion definite numerical data might confuse minimize the 
importance the basic philosophy. Nevertheless, view the conclusions 
about analysis made the Committee the Structural Division, Wind- 
Bracing Steel the writer hopes that the author will reinforce 
his remarks rectangular wind frames specific examples. certain 
types statically indeterminate structures, analysis and design cannot 
considered apart from one another with any assurance intelligent conclu- 
sions. Structures are generally built accordance with design specifications 
that impose certain controlling conditions. Moreover, grades, clearances, 
construction methods, connecting details, and variations the physical con- 
stants the material, also establish limitations that must considered 
analysis one wants structure act the way figured act. 


Assoc. Prof. Structural Eng. and Mechanics, Coll. Eng., Univ. Iowa, 
City, 
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the author states the concepts involved his classification types 
structural action are not new. the profession greatly 
indebted Professor Cross for proposing logical classification that tends 
clarify the relation analysis structural design. Regardless 
difference opinion terminology designation, one cannot help but 
feel that the author has given structural engineers “shot the arm” that 
will lift many them out the rut conventional thought. 

Undoubtedly, experienced designers have sensed the existence “hybrid” 
structural action, but for the most part they have had neither the time nor 
the inclination into that phase analytical research which brings 
out the full significance interaction between various units. More often 
than not the practicing engineer hurried the preparation plans for 
definite structure. computations show that certain members are over- 
stressed, the tendency increase areas moments inertia proportion 
the over-stress, without taking time for final check analysis. This 
quite satisfactory normal structural action emphatically 
Unfortunately, many indeterminate structures are such nature that 
change area moment inertia member also means change 
the load the moment resisted that member. 

The writer recalls difficulties encountered the design some the 
columns supporting the continuous plate-girder viaducts built the South 
Park Commissioners over the Central Railroad tracks along the Lake 
Front, Chicago, The maximum width the columns direction 
parallel the longitudinal axis the bridge was limited horizontal track 
clearances established the Illinois Central Railroad Company. The mini- 
mum width was limited the slenderness ratio for primary compression 
members the governing specifications. The columns were rigidly connected 
the continuous girders and were subject dead and live load reaction, 
dead and live load moment, temperature moment, traction moment, and 
transverse wind moment. 

preliminary design section based upon preliminary analysis was found 
overstressed when all factors were combined. Conventional procedure 
indicated that more section was needed. The area was increased propor- 
tion the over-stress, but when check analysis was made, the column was 
still overstressed; therefore, the effect the various factors was then studied 
separately. 

When area was added the cross-section the unit stress from normal 
dead load plus live load was decreased; but the unit stress from the bending 
moment caused dead load and live load remained practically the same, 
because increasing the area increased the stiffness, thereby drawing more 
moment the column. Moreover, long the width the column was 
kept constant, the unit stress from temperature moment remained constant 
regardless any change the area the column. The effect traction 
was very small. Decreasing the width the column was considered. This 
decrease would have lowered the unit stress, but the other hand would 
also lower the allowable limiting stress because increase slenderness 
ratio. 
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Evidently, curves showing the relation between unit stress and area, 
moment and moment inertia, unit stress and width column, are 
important aids selecting the final design. Other relationships may 
dictated the needs the particular problem. 

The author points out the existence hybrid structural action, particu- 
larly two-legged bents, rectangular wind frames, and reinforced concrete 
arches integral with their spandrel structures. The writer wishes add the 
two-hinged suspension bridge the usual type (not self-anchored) the list. 
may seem far cry from suspension bridge flitched beam; 
nevertheless, the two have much common. 

The cable and the stiffening truss participate resisting total external bend- 
ing moment any section. unstiffened cable used, the external 
bending moment any section due dead load and live load equilibrated 
stress and the total cable ordinate the deflected cable 
the section considered; represents the deflection the unstiffened cable away 
from normal position. Since the cable itself flexible, the cable shape must 
conform the equilibrium polygon for the load acting the span. 

When stiffening truss added the cable, the deflection, any 
section reduced value, depending upon the stiffness the truss. 
the truss has infinite stiffness, the cable will forced back through the entire 
distance, the normal position under dead load and mean temperature. 
equilibrium the section, this expression will then the moment the 
stiffening truss—if the truss infinitely stiff. 

For flexible truss, the cable will forced back only part the dis- 
tance, and the moment the truss will some proportion (Hw 
cable stretch and side-span interaction are ignored, the proportion given 
Equation (1): 


M, 


which the moment that would induced the stiffening truss 
were bent the deflection curve the unstiffened cable. general terms, 
given Equation (2): 


which constant depending upon loading conditions. 

The moment given Equation (1) does not include the moment the 
truss caused cable stretch from stress and temperature and change center 
sag due side-span interaction. This additional moment expressed 
Equation (3), also general terms: 
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which constant depending upon the variation suspender loading, 
and the change center sag due cable stretch from stress and 
temperature, and side-span interaction. 

From Equations (1) and (3), quite accurate values the maximum 
moment the stiffening truss the quarter-point and the center may 
found for preliminary design purposes. The derivation and application 
these equations are not given this discussion. 

Equation (1), particularly, emphasizes the existence hybrid action. 
the stiffness the truss increased, the moment taken the truss increases, 
greater stiffness obtained keeping the chord area constant and 
increasing the depth the truss, the unit stress may actually increase. This 
seems paradoxical but computations bear out. Note what happens the 
maximum positive moment the main span truss the Manhattan Suspen- 
sion Bridge when the moment inertia the truss varied. 

Fig. shows this graphically. The abscissa labeled, corresponds 
the equivalent moment inertia the main span truss 

designed. The corresponding 
ment 119000000 the 
value doubled, the maximum 
moment increases. the other 
the moment decreases rapidly. The 

relation not linear, however. 
tained changing the depth 
the truss, the curve Fig. may 
Fic. Post- supply the basis for new curve 

TiveE MOMENT AND MOMENT OF INERTIA OF 

Main SPAN STIFFENING Truss which unit stress plotted 

ordinate and depth truss 
abscissa; or, depth may kept constant and variation obtained 
varying the area the cross-section. curve unit stress against chord 
area may then plotted. 

Fig. emphasizes the fact that the most economical stiffening truss 
stiffening truss whatever. What shall done about local grade changes and 
curvatures the roadway, however? The question “stares one the face”; 
stiffening truss put the cable. How stiff shall made? What 
the limiting grade change Who knows? Here field for 
extensive research. 

Fig. reveals that there one design for the stiffening truss sus- 
pension bridge. There are any number possible designs. Conventional 
analysis fails almost completely guide proper proportions. Studies 
such these and the author’s “Conclusions” reinforce growing conviction 
the part the writer that one the most fertile fields research 
structural engineering the development accurate and rapid preliminary 
design methods. most certainly field that appeals the practicing 
engineer. 
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Jun. Am. Soo. (by this paper 
Professor Cross will serve divert attention from the elaboration 
analytical technique the development technique design. Certainly 
the author commended for raising the question the proper inter- 
pretation analyses and for pointing out practical and useful philosophy 
design. The classification structural action presented the paper 
the first attempt which the writer knows establish basis for rational 
design procedure. 

Whether not the traditional process structural design practicable 
depends how the forces and moments member are affected revisions 
the dimensions that member and other members the structure. For 
example, typical relation between strain (angular linear) and size 
member, for particular member given structure under constant con- 
dition loading, shown Fig. Curve (a) shows the relation for one 
set given constant dimensions all other members, and Curve (b) that 
for another sct. 


£ 
@ | Approximate = Approximate 
@ ke Range of 3 Range of —— 
Participation 3 Normal Action 


Size of Member Size of Member 


oF MEMBER AND STRAIN IN MEMBER FOR OF MEMBER AND ForRcES ACTING ON MEM- 
LOADING AND FOR BER FOR GIVEN CONDITION LOADING 
Two DIFFERENT SETS OF DIMENSIONS OF AND FoR Two DIFFERENT SETS OF DIMEN- 
OTHER MEMBERS THE STRUCTURE. SIONS OTHER MEMBERS THE 

STRUCTURE. 

Fig. are shown curves for the relation between total force 
moment the same member under the same conditions those for which 
the curves Fig. were drawn. The approximate ranges “participation” 
and “normal” action are indicated the diagrams. Action the inter- 
mediate range characterized “hybrid” action. 

If, for variations other members the structure, Curves (a) 
and (b) are close each other, the structure whole may considered 
“normal” structure; otherwise, “hybrid” The matter 
efficiency inefficiency depends upon whether not the members the 
structure can act together the desired working stresses. This generally 
depends the over-all proportions the structure well the sizes 
the individual members. 

For condition which the structure constrained undergo fixed 
deformation, set curves somewhat similar those Figs. and are 
obtained, but general the “deformation” stresses are type corresponding 
“participation” stresses. The fundamental difference between load stresses 
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and deformation stresses may stated follows: For given applied defor- 
mations, the strains throughout the structure are independent the absolute 
values the modulus elasticity; and for given applied loads, the forces 
the individual members are independent the absolute values the modulus 
elasticity. 

Sources relative importance the various 
sources stress must considered any attempt revise the proportions 
structure its members. interesting example consider the 
case arch bridge. Any effect the walls may 
ignored since this purely illustrative example. general, dead load 
far the most important source stress such structure. the arch 
axis fits the pressure line for dead load, the dead load forces any section 
the barrel are practically independent the variations depth the 
barrel. The structure then “normal” structure for dead loads; remains 
“normal” even when the live load effect considered, since the variation 
depth account for the live load stresses will fairly small, and the effect 
such variation the maximum total stress will practically negligible. 

However, such structure were designed for live load only, 
would very likely “hybrid” since variation depth one part the 
barrel would effect the stresses other sections fairly considerable 
extent. 

Another question this connection worth raising. Consider the 
design continuous beam for relatively heavy concentrated live loads. 
the designer limits himself the choice prismatic sections each span, 
may possibly arrive design which the maximum fiber stresses each 
span are equal. If, however, attempts choose proportions such that the 
maximum stresses all points all spans are equal the design stress, 
the problem design, any existing procedure, becomes almost hopelessly 
complicated. 

Significance Over-Stress—The significance over-stress struc- 
tural member matter which has not received much attention, perhaps, 
deserves. Certainly the literature contains few references this topic. 
The author’s classification seems offer basis for the study the question. 
Professor Cross suggests that over-stress due participation deformation 
not always dangerous. some hybrid structures, also, over-stress loses its 
significance when the ultimate strength and nature failure the structure 
are considered, the case the trussed beam discussed subsequently. 
Apparently, great opportunity available this field for experimental 
research. 


The classification offers convenient method estimating the possibility 


the significance chance factors the properties the materials, and 
the manner construction. “normal” structural type such factors have 
comparatively little influence. “hybrid” structure, they may con- 
siderable importance. Studies the effect arch rib chance varia- 
tions modulus elasticity have been reported Professor Cross.* The 
results seem show that there only relatively small effect chance 


the Theory Concrete Arches”, Hardy Cross, Bulletin No. 
Univ. Illinois Eng. Experiment Station, 1930. 
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factors the stresses arch-rib for the usual case which the dead load 
comparatively large. When the dead load very small compared with the 
live load, chance variations might cause some concern. However, the effect 
chance variations cannot discussed independently the significance 
over-stress. 

The Trussed Beam.—The problem the trussed beam interest 
throwing light upon some the aspects the use the classification 
design. Certainly, the sag rods are quite small, the structure “normal”, 
with the beam “carrying the load”, and with “participation” stress the rods. 
Again, the beam very shallow and has area the same order the 
sag rods, the structure and acts truss with secondary 
stresses the beam. For intermediate cases, the structure 
“hybrid.” 

For the case concentrated load the center the beam, the hybrid 
structure “efficient” when the sag depth approximately 1.5 times the 
beam depth (for the beam and sag rods both the same material). For lesser 
sag depths, the sag rods will understressed compared with the beam for 
proportions the structure. For greater sag depths the sag rods will 
overstressed compared with the beam unless the beam small that 
the structure approaches truss. When the beam fairly small, will 
overstressed compared with the sag rods unless its depth adjusted 
reduce the flexural stresses. the beam must carry loads other points 
than the center, the foregoing results are changed quantitatively but not 
qualitatively. 

course, actually, the stresses beam and truss may adjusted either 
putting initial tension the sag rods slacking off them, when 
the sag depth less than, greater than, the efficient sag depth, respectively. 

Merely consider the case 30-ft beam carrying 
concentrated load 44000 its mid-point. desired truss the 
beam help support the load. Adjustments the sag rods stresses due 
dead load are not considered. assumed the following calculations 
that the vertical post fairly large that does not deform appreciably 
under the load. 

Problem beam 18-in., I-beam; and the sag depth 
chosen arbitrarily in. from the center the beam. What area sag 
rod required for working stresses 000 per in.? 

Discount about 2000 per in. the beam for direct stress. 
flexural stress per in., the beam will carry about 56% the 
load. Designing the sag rods for the remaining stress, one finds that the area 
required about 2.75 in. review with this design indicates that the 
total stress the beam 600 per in., and the rods, 200 per 
in. Evidently, efficient sag depth was chosen. 

Problem the same conditions Problem the sag depth 
taken in. first estimate the area required the sag rod 1.67 
in.; but review indicates stress 900 per in. the rods, and 
total stress per in. the beam. Apparently, the sag depth 
chosen inefficient. 
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use the traditional design procedure, the next trial design 
I-beam, and area 2.22 in. the rods. This combination, 
moments and forces are not changed, should give stress 000 per 
the rods, and 20100 per in. the beam. However, new analysis 
gives stresses 21900 and 900 per in. rods and beam, respectively. 

Repetitions the traditional procedure lead very slowly balanced 
design. The preceding results suggest for next trial I-beam and 
area 2.70 in. the rods. Limiting the depth in. the designer 
finally ends with 48.2-lb beam, and rods area 3.0 in., for which 
the stresses are calculated 600 and per in. rods and 
beam, respectively. 

the problem had been reinforce the original beam, the designer would 
have found eventually that approximately the same rod area would have been 
required Problem namely 2.7 in. The beam, however, would have 
been working stress 12300 per in., compared with 300 per 
in. the rods. 

this problem the question may well raised the significance 
over-stress the sag rods when the beam understressed. the stress 
the rods reaches the yield point the beam will begin take larger share 
the load. The structure might adjust itself manner analogous 
slacking off the tension the sag rods increasing their length 
The writer does not believe that well depend such stress relief 
general, but the question does deserve some consideration. 

Problem 3.—With other conditions the same Problem consider 
24-in., I-beam, and sag depth in. 

the same manner Problems and first estimate the area 
required the sag rods 1.57 in. The calculated stresses, however, are 
800 per in. for the beam and 16000 per in. for the rods. 
the rods are reduced area and the beam increased size, indicated 
the traditional procedure, the ultimate effect will eliminate the rods 
entirely, and the entire load will carried larger beam. 

matter reinforcing the given beam, the designer will have 
resign himself the use lower working stress the rods than the 
beam. With area 1.90 in. the rods, the stresses will 15000 
and 200 per in. rods and beam, respectively. 

One could have anticipated the final designs obtained these three prob- 
lems, however. not difficult estimate what simultaneous stresses are 
required for continuity with given dimensions sag rod and beam. 

Arches Continuous with Their limiting cases 
the arch with integral structure are “normal”, but practically all 
such structures the proportions usually built are hybrid. 

arch with comparatively heavy rib and flexible columns and deck 
supporting relatively light live loads normal structure with participation 
stress the deck and columns added the normal stress these members 
due their action the continuous deck frame, 


ti 

h 


OS 


NEWMARK RELATION ANALYSIS STRUCTURAL DESIGN 1399 


Another normal type the structure consisting flexible rib with 
girder. There will flexural participation stress 
addition the normal stress due the direct thrust the rib. 

third type structure having “normal” characteristics certain cases 
what might termed arched Vierendeel This structure must 
have quite rigid columns. The corresponding simply supported Vierendeel 
truss would normal, but fixing the supports introduces some complications. 
this connection, important note that the fixed arch rib has hybrid 
characteristics for live loads, was pointed out previously. 

Other normal arch structures may secured various ways the 
manner .construction design involving the use articulations and 
flexible sections. Such structures have well marked participation stresses 
such articulations and pseudo-hinges. course, not all structures with 
hinges and points are “normal.” 

special cases applying certain other arch structures the controlling 
relations are comparatively clear, Professor Cross has The 
flitch-beam concept applying the structure with flexible columns has con- 
siderable value. Use was made this concept and Considére.” 
analysis preliminary design may developed along the lines suggested 
Professor Cross’ treatment The deck girder will have primary 
stresses due its action continuous beam. These stresses are due 
the dead load the deck only, and the entire live load. The arch rib will 
take all the thrust, most which due dead load. Then the difference 
between the working stress and the primary girder stress available resist 
interaction flexure the girder. The difference between the working stress 
and the stress due direct thrust the arch rib available resist flexure 
the rib. The stress due interaction flexure the girder the flexural 
stress the rib approximately the depth the girder the depth 
the rib. The rib and deck resist the moment, except for primary moments, 
approximately proportion their moment inertia. 

few rough figures will enable estimate made whether 
tentative combination depths girder and rib efficient inefficient, and 
will give some idea what can done about it. For example, the girder 
found overstressed, must remembered that increasing the depth 
the girder may increase the interaction stress although decreases the 
primary stress. 

For the general case which the columns must intermediate stiff- 
ness there seems convenient method estimating advance 
whether the structure can act assumed act preliminary analysis. 
Use the traditional procedure successive analysis (usually means 
model) and design does not appear very promising. Such pro- 
cedure might easily misleading, particularly where re-design based 
analysis which not repeated for the new design. open question 
whether better structure obtained such procedure than neglecting 
interaction entirely. 


“Civil Seventh Edition, 1871, pp. and other editions 
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Other Problems—The fundamental philosophy presented the author 
has wide applicability. Some its possible uses have been mentioned, but 


there are many other cases which useful. illustration con- 


sider the problem the stresses bearing-plate supporting concentrated 
load elastic solid. 

the plate very flexible compared with the solid, the latter deforms 
the same manner under load directly applied. The stresses the solid 
are the nature “normal” stresses. The plate, conforming the con- 
figuration the solid, has stresses the nature participation stresses. 
the plate very stiff, the pressure between and the solid approaches 
certain limiting distribution, and the stresses are “normal” both plate and 
solid. the bearing-plate neither very flexible nor very stiff, the pressure 
distribution under varies considerably with any change thickness, and the 
stresses are certainly “hybrid.” 

The classification has applicability many other problems concerned with 
what sometimes called “internal stress”, well problems concerning 
so-called “frame” structures. 

Concluding Remarks.—The profession indebted the author for his 
his paper will awaken interest methods design. Perhaps the future more 
energy will devoted securing quantitative data for the design struc- 


tures rather than the development variations existing procedures for 
their analysis. 


contributions the theoretical analysis continuous frames, Professor Cross 
has added enlightening paper concerning the relation analysis struc- 
tural design. His subdivision all structures into normal and hybrid types 
cuts ruthlessly through the field with little regard for the classical arrange- 
ment into statically determinate and statically indeterminate groups. This 
point view least refreshing, and seems considerably more 
than that. 

Statically Determinate writer has often wondered whether 
has ever actually seen practical structure that could properly classi- 
fied statically determinate. Simple beams are decidedly unusual. What 
commonly termed simple beam (that is, steel floor joist roof joist) 
frequently encased concrete poured continuously with other beams through 
the connection reinforced concrete floor-slab Thus, this 
structure, which analyzed statically determinate, may one the 
most complex all statically indeterminate constructions—a continuous flat 
slab with partly discontinuous stiffening ribs supported part the 
columns and part restrained edge beams. search for statically 
determinate cantilever structure will not lead much more satisfactory results 
since common with three-hinged arches they become not only statically inde- 
terminate, but mathematically indeterminate when corrosion produces 
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unknown pin friction. They, too, are usually constructed that there 
partial continuity through floor system. 

This comparison structural types could carried indefinitely. 
Surely the lower chord pin-connected through truss ought 
statically determinate member; but, instead, the writer recalls making rail- 
way bridge test for live loading for which numerous strain-gauge measure- 
ments the eye-bars lower chord member showed average stress 
little more than one-half the theoretical value. One could explain this 
phenomenon part the self-evident fact that the floor system was func- 
tioning part the lower chord, but this general observation would 
little value attempt analyze design similar structure. The 
fact that this simple span truss was acting most complex manner, 
that was internally statically indeterrainate, and that the manner fabri- 
cation and erection had most important effect upon its stresses. 

From these and other observations, one might conclude that the classical 
distinction between statically determinate and statically indeterminate struc- 
tures has its main justification the classroom where its value largely 
matter convenience the student and the teacher. For the practical 
designer this distinction dangerously convenient and, therefore, ques- 
tionable importance. the subdivision suggested the author 
least worthy consideration. 

Impressed Distortions and Induced Cross has 
made division between what terms deformation stresses and participation 
stresses. comparable physical distinction that the writer has been the 
habit making depends upon whether the corresponding distortion 
impressed upon the structure induced the structure its own action. 
Evidently, temperature effects are impressed upon the structure from out- 
side source. Similarly, the tower suspension bridge may have bending 
deflection impressed upon because reduced sag the cable the side 
spans when the center span loaded. least, this action external 
the tower itself and may thus classified impressed distortion. the 
other hand, ordinary secondary stresses truss members are caused joint 
rotation the plane the truss which induced distortion. Apparently, 
however, the division line less clear when one considers such effects 
rib-shortening arches. This action quite clearly the same temperature 
effect spread, both which are produced impressed distortions. Never- 
theless, rib-shortening stresses are secondary flexural stresses produced the 
shortening the rib from primary compression, and thus should designated 
“induced stresses.” Hence, one observes that impresséd and induced 
distortions merge one into the other. 

Professor Cross has attempted clarify the aforementioned difficulty 
observing that time flow will eliminate reduce deformation stress (the 
consequence impressed distortion), but that participation stress 
(the consequence induced distortion) will unaffected such plastic 
flow. general, this distinction holds true although may desirable 
add that the distribution all stresses can affected such flow. 
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These observations explain the writer’s preference for the terms, “induced 
stress” and “induced distortion”, more descriptive the physical picture 
than the terms, “participation stress” and “participation strain.” Certainly 
these secondary stresses participate very slightly the job supporting the 
loads; instead, they are induced primary strains much the designer’s 
disquietude. 

Two statements the author will repeated for study: (1) “Thus, 
generally known that increasing the moment inertia without changing the 
depth truss members will affect the secondary only the primary 
stresses are affected”; and (2), “the designer finds convenient predetermine 
such strains [impressed distortion], reduce them equivalent stresses, and 
deduct these stresses from the working stresses available for load-carrying 
capacity.” Although the writer thinks that Professor Cross has been too gen- 
erous concluding that the information referred Statement (1) 
generally known, certainly agrees its importance. Statement (2), 
although simple itself, must complicated the fact that only the total 
distortion evident and that the unit strain dependent upon the shape 
the axis the member and upon the variation its cross-section. Hence, 
for the general case one must admit that even final deformation stresses 
(impressed distortions) cannot found until the design completed. This 
just another those cases which the designer cannot “foresee the action” 
and falls back upon procedure. 

Visual Structural Action—The writer would mention another classifica- 
tion structural action which many points agrees with the subdivision 
suggested Professor Cross. However, few structures will found 
have been shifted from the complex the simpler classification, vice versa. 
comparison the two points view seems particularly useful since each 
presents factors for consideration that the other misses. 

The subdivision suggested made dependent upon criterion which 
can stated forcefully the words Professor Cross, “that the designer 
either does does not know what doing.” the writer’s words this 
becomes subdivision into “visual structural action’ and “non-visual con- 
cealed structural action.” another criterion that will some use, 
may stated that this classification visual structural action will include 
all academic statically determinate types and, general, those indeterminate 
types that involve, least theoretically, more than three redundants. 
some few cases structure having more than three redundants may possibly 
arranged fit into the simple classification visual structural action. 
Examples will given. 

The limitation three redundants suggested because quite evi- 
dent the instructor that the limit visual study commonly reached when 
three interacting influences exist. The interaction two redundants rela- 
tively simple but the number possible interwoven patterns about tripled 
with three redundants. visual study the interplay four influences 


‘not ordinarily within the grasp other than highly trained mind. 


example the usefulness this classification, one notes that the problem 
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two crossing beams (deflected equally) which were placed the complex 
subdivision Professor Cross fall into the simple subdivision this discus- 
sion. The analysis and design such beams, although not feasible the 
“guess and revise procedure”, possible direct manner, suggested 
the author. 

Non-Visual Concealed Structural this classification found 
those structures and parts structures for which adequate design pro- 
cedure does not now exist. great credit the profession, however, 
that includes many ordinary structural types. Hence, 
attention the fact that this subdivision there included many concrete 
arches, most tall building frames, flat slabs, continuous footings, bridge abut- 
ments built continuously with their wing-walls, arched dams, and even many 
the so-called statically determinate structures because the partial conti- 
nuity introduced common methods construction. other words, with 
few exceptions, adequate design procedure to-day available only for those 
structures which the interaction the structural parts can actually 
visualized. The designer will well select and construct structures within 
this classification until direct procedures for the design complex structures 
are made available. When cannot this, should “go slow” making 
his design. 

Parallel cases parallel beams seem worthy investigation. 
wind-stress studies, parallel beams different depths and perhaps even 
different lengths may forced rotate through equal end angles. Then, 


since varies and evident that for equal the 


relative stresses the two beams are defined follows: 


which the depth-length ratio the beam. Evidently, the only geo- 
metrical shape that will permit such beams stressed equally that 
equal values. 
When the deflections rather than the end slopes are identical for the two 


beams, the deflection varies and the relative stresses the two beams 


are defined follows: 
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Hence, these beams must have equal values order stressed equally, 


This would the writer’s definition efficient design. any case such 
beams furnish illustration statically indeterminate structure properly 
classified hybrid under the author’s subdivision, but visual structural 
action the writer. 

The Vierendeel Truss with Parallel another structure 
properly classified hybrid Professor Cross, but still easily analyzed and 
readily designed because the visual characteristics its structural action 
despite the fact that highly indeterminate. few common sense basic 
assumptions can made for the purpose preliminary analysis and design 
statics. Then, the usual case, analysis will show that the first 
design was satisfactory. The few necessary revisions are easily determined 
because the visual characteristics its structural action. 

The distinction between the Vierendeel truss and building frame 
that the truss essentially regular structure, whereas the building frame 
most cases irregular. Commonly, there are reasonable assumptions 
that can made lead preliminary design highly irregular wind- 
frame that will not necessitate serious revision sections subject the diffi- 
culties inherent the revision any structure the action which cannot 
visualized. course, the Vierendeel truss can hopelessly complicated 
the use floor system such that the resultant structural action 
will beyond visualization. curved top chord will introduce additional 
complications. 

Rectangular Wind Frames.—The author proposes interesting design 
procedure for regular wind frame. His discussion apparently intended 
apply building medium height since assumed that the column 
cross-sections will unchanged the effect wind. such building 
frame has been designed conventional method, likely that over- 
stresses will found when analysis performed more exact method. 
However, one need not run headlong into the difficulty pointed out 
Professor Cross. Naturally, size (depth and moment inertia) 
increases the stiffness the overstressed girder, causes resist more wind 
moment, and increases its fiber stress still more. One frequently finds neces- 
sary reduce its depth, thus reducing the fiber stress given moment. 


the same time, may desirable stiffen adjacent girders relieve 


the overstressed girder its excess moment. 

course such procedure difficult apply highly irregular struc- 
ture, but there particular reason why the design structure com- 
plex irregular tall building frame should not consume considerable time. 
The author’s proposal that the design should based upon assumed points 
contraflexure, assumed shear distribution, and design stresses proportional 


the depth-length ratios the girders (equal end slopes) would practicable. 


for very regular frame. However, the important need for design method 

that will make the design irregular building frame less tedious. 
writer has found this paper much material that will 

require slow digestion. The inference clear that direct design the ideal 
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toward which one should strive. The cut-and-try guess-and-check pro- 
cedure fails many cases unless applied with more than intelligence. 
Finally, hybrid structures, which the type structural action concealed, 
which “self interference” exists, which one attempts “put secondary 
stresses work”, offers little promise economy, but far more promise 
and poor design. 


who are called upon plan for structures commercial basis will find 
this paper great assistance, since helps them visualize the function 
the strains and stresses that are caused the multitudes indeterminate and 
unnoticed strains that exist almost every structure. 

When exact stress analysis almost any riveted frame contem- 
plated, the designer faced with the problems its irregular secondary 
lacing, its connections all planes, its varying areas cross-section 
the splices and other points, the stiffening effect the gusset-plates, the 
participation the bracing, floor system, and many other resistances which 
custom allows neglected overlooked. With all these problems solve 
(or overlook), likely thankful for the fact that works 
liberal factor safety. strolls through the fabricating shop and watches 
the straightening rolls, the “bull dozers”, the punch shears, and other tools 
straining the material, again gratefu] that steel ductile. his final 
survey watches the latest type fabrication—fusion welding—and reflects 
the strains that must set the cooling that thin molten streak; 
then asks himself there any margin left between the temperature 
strains that are set and the elastic limit. These facts appear conflict 
with the rigid limitation placed the unit stresses and strains allowed 
the for proportioning the material, and they suggest that designers 
may have allowed the fascination mathematical exactitude, based 
assumptions and Hooke’s law, outweigh and over-awe actual engineering 
experiences. 

likely forgotten that, although the ultimate strength steel 
60000 per in, its ultimate strain, measured calculating stresses 
from distortion, about 000 000 per in. (that is, 20% elongation with 
modulus Since the ductility steel utilized during fabri- 
cation, why has been ignored designers when proportioning steelwork 
which has more than one path resistance, and which the loading more 
less constant? There are many continuous spans, trusses with several 
systems web-bracing, rigid frames, well many other forms, which, 
the event some part one path resistance becoming strained above its 
limit, will bring the other paths into proportionately greater resistance, 
and thus insure redistribution the combined resistance before the weak 
member strained dangerous degree. 

The ductility structural steel can relied upon provide safely for 
far more strain from secondary distortions than usually allowed standard 
specifications; moreover, the relative participation the various paths 
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resistance these deformations, not always wholly dependent the 
modulus steel, but frequently influenced and relieved the 
bending connection angles, the slip the rivets, and other relieving deflec- 
tions. These deflections, although very minute, are relatively great when 
compared with the direct elastic deformation the steel. They will alter 
the distribution materially, therefore, and relieve the extreme fiber 

Limiting the strain structural steel (after fabrication) value 
below the elastic limit sharp contract the common practice rein- 
forced concrete, which the concrete actually allowed fracture, and 
the steel still counted function adhesion the 
fractured concrete. 

With mature judgement, appropriate for guidance and the 
knowledge that, structural steel, the strain increases much faster than 
the stress when overloading occurs, designers should count, greater 
extent, the sum total strength the several resisting paths indeter- 
minate structures, rather than limit their use the calculated stress the 
weakest member. 


Harpy Am. Soc. (by the paper 
may divided into that dealing with the adequacy correctness analysis 
and that dealing with the use made design analysis assumed 
correct. generally recognized that flaws may found many con- 
ventional analyses and most designers understand that assumed conditions 
loading restraint may not exist. The writer, however, did not attempt 
discuss these matters but restricted himself the question the inter- 
pretation analytical procedures. 

The discussion Mr. Mensch points out the uncertainties inherent 
structural analyses. also suggests the confusion existing the pro- 
cedures used analysis. The writer may remark that does not under- 
stand what sense “the analysis most statically indeterminate structures 
beyond the realm science and becomes seems necessary 
accept analysis science and design art. The procedures analysis 
and design are different; that the science defective and the art often clumsy 
another matter. Probably neither analysis nor design will much 
improved more handbooks. 

Mr. Mensch discusses the statical determinacy post and lintel construc- 
tion. The writer stated that girder resting narrow columns “represents 
structure essentially statically determined (post and lintel column and 
beam), but with participation stresses the columns.” Surely most engi- 
neers will agree that girder resting two relatively narrow studs should 
designed simply supported. better example the difference between 
the point view the analyst and that the designer would difficult 
find. 

connection with the remarks Mr. Brinker the relative impor- 
tance secondary stresses, attention may again called the paper 
Structural Eng., Univ. Illinois, Urbana, 


f 


CROSS RELATION ANALYSIS STRUCTURAL DESIGN 1407 


Messrs. Parcel and Murer.* Mr. Brinker clearly points out that uniform 
stress cannot chosen and applied indiscriminately the sum all stresses 
from whatever source, and the writer heartily concurs; fact, bring this 
out was one the main purposes the paper. 

The very interesting remarks Mr. Findley deal chiefly with the uncer- 
tainties rather than with the interpretation analyses. puts his finger 
the main purpose the paper, however, when refers what calls 
the writer’s pragmatic concept structural action. considerable 
extent the attitude the writer toward design pragmatic. His point 
view may briefly re-stated follows: Omit from the picture certain 
stresses the type described participation and deformation stresses—accept 
for the present the fact that they not and are not intended carry any 
appreciable portion the load. Assume, now, the pragmatic attitude that 
when one tells the structure what will try it. Questions now 
arise: Can it? Can efficiently? How can the designer deter- 
mine how make Sometimes repeated analysis gives clue the 
action the structure; often does not. not question monolithic 
construction statical determinacy, but normal response successive 
analysis and revision. The term, hybrid, was chosen for those types which 
not normally respond because these types partake the action part those 
which respond once and part those exposed participation. The 
writer would like better designations than and but 
“statically determinate” and “monolithic” will not serve the purpose. 

Mr. Newmark clearly states the main thesis. member over- 
stressed, what can done about (the superstructures arches)? How 
the condition best remedied (the trussed beam)? Can anything all 
done about except change the type structure? 

Mr. Grinter also wishes modify the terminology. The writer holds 
brief for the terminology chosen; but the discussion Mr. Grinter brings 
out clearly the importance understanding the part the designer 
the responsiveness the structural type revision—of its response 
persuasion. 

Mr. Silverman calls attention temperature stresses arch 
example deformation stresses. Although convenient because fits into 
routine conceptions, the treatment temperature stresses usually given 
rather misleading. the temperature strains that are fixed, and arches 
(and suspension bridges) the most important factor fixing them the 
ratio depth rib rise arch. 

Mr. Wessman discusses the hybrid action rectangular bracing frames 
buildings, matter discussed also Mr. Grinter. The writer finds 
himself puzzled the attitude some writers the so-called “exact” 
analyses wind stresses. The problem how best through the analysis 
which purports give the exact moments (and which would give them for 
given wind loads were not for the interaction partitions, girder 
and floors, and for the uncertainty bracket action and rivet 
slip), seems study appropriate for the graduate seminar rather than for the 
design office. cases regular framing the designer knows pretty well how 
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his moments go. cases irregular framing does the best can, 
telling the moments any story where wants them go. 
now give some indication whether they are likely where directed; 
but analysis—conventional analysis—will not tell once what allocation 
moments impractical, within what limits other allocations are satis- 
factory. the writer’s opinion, this the important field research 
wind-bracing. 

the point view presented the paper than the field suspension bridges 
which Mr. Wessman calls attention. large bridges where the cable has 
great resistance distortion the stresses the truss due live load 
that truss are function chiefly its depth and not very largely its 
strength; some trusses the action “hybrid”, both depth and strength are 
factors; relatively light bridges are their action, and the “elastic 
theory” gives once pretty satisfactory design. However, note that, any 
case, temperature stresses are the nature deformation stresses, the strains 
being function the ratio truss depth cable sag, arches. 

comparison the curve (Fig. given Mr. Wessman, showing varia- 


tion moment stiffening truss with moment inertia, with correspond- 


ing curve showing variation moment one partner two-part 
beam, very illuminating. 

Mr. Shearwood clearly points out the uncertainties produced steel 
fabrication methods and the basis for valuing their importance. His state- 
ment the strength mild steel terms ultimate strain expressed 
equivalent strength seems especially happy, emphasizing the importance 


ductility. Ductility plays very different part participation stresses— 


where the strain fixed—and normal structural the desired 
strength approximately fixed; but many the complicated structural 
types plays rather complicated part. The total strength fixed but, 
the same time, there inter-relation strains. Perhaps this may serve 
justify Mr. Findley the term “hybrid.” 

Mr. Johnston and Mr. Newmark have discussed the significance 
attached over-stress. The question has special interest the case hybrid 
structures—structures which the load “carried” several ways. this 
connection Mr. Johnston uses the term, “limit structural usefulness.” The 
subject needs extensive discussion. quote from the paper, “The values 
stress permissible design vary with the material used, with the importance 
the member involved, and with the type failure that would result.” 
Thus has often been argued that not very important how moment 
distributed between the positive and the negative concrete beams pro- 
vision made for the total moment. Some engineers seem overlook 
the danger secondary failure bond diagonal tension the negative 
steel seriously overstressed. 

The writer appreciates the courtesy those who have discussed the 
paper. Their comments open many fields research structural design 
which are being neglected the current deluge algebraic investigations, 
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Paper No. 1952 


TUNNEL AND PENSTOCK TESTS 
CHELAN STATION, WASHINGTON 


Synopsis 

thorough and detailed analysis flow-line losses was computed from 
data obtained tests the unusually long flow line leading the hydro- 
electric generating plant Chelan, Wash. This paper contains the results 
that analysis, and includes: 

(1) The losses that occur each part the flow line; 

(2) The coefficients roughness that are applicable the large concrete 
and steel lined pipes this installation; 

(3) unusual and complete analysis the losses that occurred the 
wye-branch; and 

(4) segregation the diversion losses (see heading, “Definitions 
Symbols”) the wye-branch and lower penstock bends from the losses due 
frictional resistance, means checking laboratory tests and research 
work that was being conducted along this line. 

The tests were made and report was prepared means facilitat- 
ing the most economical operation the generating station and supply 
additional data the furtherance engineering knowledge and its applica- 
tion future designs involving these features. 


INTRODUCTION 

1927, after the hydro-electric generating plant Chelan, Wash., had 
been completed and put into service, was found desirable (because the 
unusually long flow line) conduct series tests determine the flow- 


October, 1935, Proceeding. 
Asst. Engr., State Washington, Dept. Public Service, Spokane, Wash. 
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line losses. means these tests was expected obtain more less 
detailed information concerning: (1) The total flow-line loss from which 
would possible compute, easily and accurately, the water consumption 
the turbines; (2) coefficients roughness that apply the flow water 
large concrete and steel pipes; (3) analysis the losses that occur the 
wye-branch; and (4) the laws governing diversion and eddy losses the pipe 
bends. 

Item (1) was desired for use operating the plant and Items (2), 
and (4) were for the purpose adding the available knowledge hydraulic 
losses that occur large conduits, thereby facilitating their future design. 
Practically nothing definite nature had been done the time these tests 
were made toward analyzing the losses that occur wye-branch and little 
more had been done toward understanding the losses pipe bends. 


THE CHELAN DEVELOPMENT 


The Chelan hydro-electric development utilizes Chelan Lake storage 
reservoir, the potential head between this lake and the Columbia River being 
about 400 ft. lake has been formed glacial fill across the lower 
end the former Chelan Gorge. Its outlet, the Chelan River, flows through 
what now remains the Chelan Gorge for distance about 2.5 miles 
the Columbia River. 

The dam that regulates the level Lake, built across the river 
about 0.5 mile from the lake. The intake the flow line leading the power 
house, situated near the junction the Chelan and Columbia Rivers, incor- 
porated the dam. 

Fig. profile drawing the flow line and penstock from the intake 
the tail-race. The intake the flow line commercial, draft dis- 
tributor type from which the water enters concrete pressure tunnel, 14.00 
diameter, constructed grade for distance 10578 ft. (The 
concrete tunnel was cast around steel forms which produced smooth regular 
finish the interior surface.) the end this distance the tunnel lining 
changed from concrete double-butt, strap-riveted, shell and the 
grade changed 35% for distance 397.79 ft, which point 
steel-lined pipe rises vertically the surge tank. Square-edged butt-straps 
and button-head rivets were used fasten adjoining sections steel together, 
may seen Fig. The interior surface was protected only with the 
customary factory coat red lead paint. Consequently, the surface was 
somewhat rough the time these tests were run because the steel began rust- 
ing soon after the flow line was filled with water. Since the tests were run 
the interior has been cleaned and repainted with bituminous enamel, but 
observations have been made ascertain what effect this has upon the losses. 
The penstock grade continues the same before, for 604 more, the 
branch, the diameter converging this distance from 14.00 12.50 ft, 
where divides through the wye-branch into two 8.83-ft, double-butt strap- 
riveted, steel-lined, penstock pipes, shown Fig. point 
below the wye-branch the two diverging penstocks bend opposite directions 
through angle 29° 13’ 26”, that they are parallel each other 
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Surge Tank 
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Fic. CHELAN DEVELOPMENT 
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horizontal plane. The total length each penstock branch 138 ft, the 
lower end connecting hydraulically operated needle-valve from which 
the water passes through reducing section which converges diameter 
6.50 the point where connects the turbine scroll-case. 


Fic. 2.—INTERIOR VIEW PENSTOCK STATION 117 20, SHOWING THE 


The water from each turbine flows through spreading draft-tube and out 
into the tail-race the Chelan River. The two turbines are identical, each 
being the vertical reaction type rated hp, and each using approxi- 
mately 1100 per sec water when operating with the turbine gates 
wide open. 

TEsts 


Data for the tests were obtained from pressure elevations recorded eight 
different observation stations situated critical points along the tunnel and 
penstocks from the forebay the tail-race. The elevation the water the 
forebay, and also the vent the tunnel short distance below the intake, 
was recorded with specially-built, high-speed, water-level recorders. These 
instruments were commercial, curve-drawing recorders with the driving 
mechanism rebuilt give chart speed 0.1 in. per min, which sixty 
times faster than normal. 

Mercury manometers used for recording pressure heads were fastened 
piezometer connections the tunnel two places between the vent and 
the surge tank adits that were excavated for access the tunnel during 
construction, the surge tank, and each the converging sections just 
ahead the turbine scroll-cases, and staff gauge was used for reading the 
elevation the tail-race. Each the manometers, and the staff gauge 
the tail-race were read observers during the tests predetermined intervals 
corresponding different stable conditions flow the conduit, although 
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was not necessary use the data obtained from the readings the adits 
the tunnel lining concrete throughout the distance from the vent the 
surge tank and the total losses for this section were the only data required. 

Instead using the conventional U-tube manometer the observation 
points the turbine scroll-case the power house, was necessary (because 
the high head which, some instances, supported mercury column 
approximately high), use single riser for each manometer, which was 
connected specially designed mercury pot which the water pressure 
was transmitted the mercury. The mercury pots were constructed that 
relatively large surface the mercury was exposed the water, resulting 
relatively small change the surface elevation the mercury the 
pot for relatively large changes water pressure. 


Runs 


The test runs were varied cover the three following conditions 
load distribution between the two units: (1) One unit operating with the 
turbine gates wide open, the other increasing its load steps until was 
wide open; (2) two units with balanced loads decreasing the loads steps 
zero; and (8) one unit only, increasing its load steps until wide open. 

prevent governor hunting and the attendant variation flow, the 
governors were cut out, and the turbines were controlled manually throughout 
these tests. 


The symbols introduced this paper are defined follows: 


subscript denoting “due eddies”; 

head loss; head loss due eddies the wye-branch 
loss head that occurs flowing water 
when the stream diverted laterally from straight path, 
the case water flowing through pipe bend 
wye-branch (referred “diversion” head loss) veloc- 
ity head when measured the main penstock above 
the wye; and corresponding and Qs; Ahy veloc- 
ity-head difference between the flow the main penstock and 
Branch No. 

Chezy’s coefficient; the Williams-Hazen coefficient 

total head loss; 

rate discharge total combined flow Units Nos. and 

radius; 

average velocity cross-section; 

subscript denoting “due diversion flow”; 

“difference between”. 


The pressure heads observed the various points were increased total 
energy heads adding the velocity heads existing the conduit, after 
which the total energy heads were converted into equivalent energy-head eleva- 
tions for comparison with the forebay, vent, and tail-race elevations. 
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The elevation Chelan Lake was disturbed seiche while these tests 
were being run. was necessary, therefore, correct slightly, all the 
observed elevations for this disturbance, except those the 
addition, the manometer readings the surge tank were corrected for 
error introduced the angularity the riser the penstock; and the mano- 
meter readings the turbine scroll-cases were corrected for error 
the value the density the mercury. The latter errors were determined 
from evident displacement the origin the loss curve the wye- 
branch, the cause for which would not otherwise explained. 

The curves Figs. and are plotted, therefore, from the observed 
losses after they have been adjusted slightly compensate for certain inherent 
errors, making possible draw smoother and more accurate curves through 
the test points. 

The water consumption the turbines for different loads when operating 
under various heads had previously been determined means tests using 
the Gibson These data were used determining the flows corre- 
sponding the loads which were carried the units during the tunnel and 
penstock tests. 


ENTRANCE AND 


The observed losses that occur through the gathering tube and trash racks 
have been plotted Fig. and may seen are very small, reaching 


1087 20 


1088 


Static Pressure - Head Elevation in Vent 
Total Head Loss, 1. in Feet 


4 24 
Flow in nsistiate of cu ft per sec 
Fic. THROUGH THE GATHERING AND TRASH RACKS. 


maximum only 1.75 for the maximum flow 2200 per sec. The 
total losses the flow line between the vent and the surge tank, distance 
578 ft, are shown Fig. 
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Head Loss From Vent , in Feet 


Flow in Hundreds of cu ft per sec 
Test Run No..13 14 12 1511 1610 179 188 719 1 2 3 4 5 6 


Penstock Losses 

From turbine tests which were previously conducted using the Gibson 
method,’ the losses through the lower part each penstock branch had been 
determined differential pressures. order determine the total head loss 
through each penstock branch the frictional resistance component this 
loss was increased proportionately obtain the head loss due friction for 
the entire length each penstock branch. this was added the diversion 
loss component which was present result the bend the lower part 
each penstock branch and which obviously remained unchanged since the 
additional section pipe was straight. Thus, the total loss each penstock 
branch was the sum the proportionally increased frictional resistance and 
the unchanged diversion losses. 

Fig. 5(a) shows graphically the variation the diversion losses each 
the lower penstock bends. The fact that the diversion losses through 
Branch No. are less than Branch No. probably due the unsym- 
metrical arrangement the spirals the turbine scroll-case with reference 
the angles through which the penstocks turn. The branches separate 
they leave the wye; that is, they bend opposite directions from the axis 
the penstock above the wye whereas both the scroll-cases are spiraled 
the same direction. 

The equations for the curves diversion losses the two penstock 
branches are similar character, which demonstrates that each case the 
same basic laws govern these losses, although they are different each 
penstock for identical flows. The equation for diversion losses Branch 
210 (see Fig. 5(a)). 
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The total head losses each the penstock branches, due frictional 
resistance and diversion losses combined, are shown Fig. 5(b). The varia- 
tion the total head loss with the flow, Penstock No. may expressed 
Q*, 45.5 and the variation the total losses Penstock No. 
expressed 40.8 (see Fig. 5(b)). 


Penstock No 1, 330 H~ 
Penstock No 1, Q? =455H pod 


Flow through Penstock in Hundreds of cu ft per sec 


Fic. LOSSES. 


The loss head that occurred between the surge tank and points either 
penstock just below the wye-branch was obtained subtracting the head 
loss between the wye and either scroll-case from the corresponding total loss 
between the surge tank and either scroll-case. 


FROM THE Surce THE 


For the purpose studying the characteristics the losses the wye 
and penstock branches, the test loads were varied follows: 


Group (1): Unit No. wide open; and Unit No. increasing its load 
steps until was wide open, shown Test Runs inclusive (see 
Fig. 6); 

Group (2): Unit Unit No. carrying balanced loads and decreas- 
ing loads steps zero shown Test Runs 12, inclusive; and, 

Group (3): Unit No. shut down and Unit No. increasing its load 
steps until wide open, shown Test Runs 19, inclusive. 


simplify the discussion that follows, these three groups test runs 
will considered the order Items (3), (1), and (2), instead the 
order which they actually were run. 

Observed losses from the surge tank through Penstock Branch No. 
point just below the wye during Group (3) the tests, were composed 
penstock friction losses from the surge tank the wye and eddy losses that 
occurred above the tie-plate the wye. evident that there could 
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diversion losses this branch since water except that which leaked 
through the turbine gates was flowing through it. These losses are shown 
the curve Fig. passing through Test Points 19, inclusive, for 
Wye Branch No. the ordinates which are he, distant from the curve 
friction losses that were present between the surge tank and the wye. 
The manner determining the position this latter curve and the resulting 
eddy losses, will discussed subsequently herein. 


Flow in Hundreds of cu 

During this same group tests the observed losses through the penstock 
and Branch No. point just below the wye, the case losses 
through Branch No. include (1) penstock friction losses from the surge 
tank the wye; (2) eddy losses the wye-branch above the tie-plate; and 
(3) the losses incurred when the water from the main penstock was diverted 
through angle 22°30’ into Branch No. The curve Fig. that 
passes through Test Points 19, inclusive, for Branch No. with the 
ordinates, ha, distant from the curve friction losses from the surge 
tank the wye, shows these losses. 

becomes evident, then, that the difference between the observed losses 
Branch No. and Branch No. the result diversion losses that 
Branch No. These losses have been replotted Fig. and their 
relationship the flow Wye Branch No. has been found 

Observed losses from the surge tank through Branch No. during Group 
(1) the tests, with Unit No. open and Unit No. increasing its load, 
Group (3), consist (1) penstock friction losses between the surge 
tank and the wye; (2) eddy losses above the wye; and (3) diversion losses 
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that occur Branch No. Diversion losses occurred during this group 
tests because Unit No. was running. 

Test Run Group (3) the eddy losses increased the unbalance 
flow increased between the two penstock branches, reaching maximum 
Test Run when Unit No. was wide open and Unit No. was shut down. 
the eddy losses increased when the unbalance flows increased, during 
Test Run Group (3), likewise did they decrease when the unbalance 
flows decreased during Test Run Group (1). They became zero when 
the flows became balanced, which occurred with flow slightly less than that 
Test Run when both units were wide open. 
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Total Flow in Hundreds of cu ft as sec 
Fic. DIVERSION LOSSES WYE BRANCHES. 


Diversion losses Penstock Branch No. during Group (1) the 
test runs, were considered the same those observed for corresponding 
flows Branch No. during the test runs Group (3). The curve 
observed losses from the surge tank through the wye Branch No. for 
below the curve friction losses from the surge tank the wye. This 
curve passes through Test Points inclusive, for Branch No. 

Observed losses from the surge tank through Wye Branch No. during 
Group (1) the tests are shown Fig. the curve passing through 
Test Points inclusive, for Branch No. This curve continua- 
tion the one that distant, he: ha, below the curve friction losses 
from the surge tank the wye. slopes downward from Point 
amount equal the difference between the rate which the friction losses 
between the surge tank and the wye increase with the flow water through 
the penstock and the rate which eddy losses above the wye decrease 
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the flows the two penstock branches approach balanced condition. 
evident from the downward slope the curve that, with the unbalance 
flows that occurred during Group (1) these tests, the friction losses from 
the surge tank the wye increased more rapidly than the eddy losses 
above the wye decreased. 

Observed losses from the surge tank through either wye-branch during 
the tests Group (2) when the units were carrying equal loads, were 
found each case approximately equal. These losses are plotted 
the balanced flow curve Fig. which passes through Test Points 12, 
inclusive, for both penstock branches; also passes near Point With bal- 
anced flows there were eddy losses above the wye and, consequently, the 
curve represents the sum penstock friction losses from the surge tank 
the wye and the diversion loss either wye-branch. can reproduced 

When comparing this curve with that for observed losses Branch No. 
during Group (3) the test runs, with Unit No. shut down and Unit 
No. carrying increasing loads, should remembered that for equal flows 
the penstock the wye-branch the flow through each branch the wye 
with balanced loads would only one-half much that through Branch 
No. when was carrying all the water with Unit No. shut down. Thus, 
the diversion losses each branch would 28.6% the total, since they 
vary The ordinates between the curve friction and diversion losses 
from the surge tank through the wye for balanced loads, and the desired 
curve friction losses from the surge tank above the wye, are equal, 
therefore, 28.6% h.:, which the diversion loss for corresponding flows 
Wye Branch No. when water was flowing Wye Branch No. 


Head Loss in Feet 
w 


Total Loss in Branch No. 1 


Total Flow in Hundreds of cu ft per sec 


Fic. LOSSES THE DIFFERENCE THE VELOCITY HEAD WYE 


possible, therefore, locate series points for the curve friction 
losses that occur between the surge tank and the wye for flows and 
including total 1167 per sec, subtracting the diversion losses 
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from the observed losses for balanced flows. However, from this value 
(but not including) flow per sec, points can located 
this manner. 2250 per sec the ordinate between these two curves 
equal the diversion that when 1125 per sec was 
flowing through Penstock Branch No. with Unit No. shut down. The curve 
friction losses between the surge tank and the wye has been drawn through 
the points located this manner. The equation 69.7 

Eddy losses above the wye-branch tie-plate varied with, but not propor- 
tion to, the unbalance flows the two branches the wye. study 
this relationship further, curves velocity heads each wye-branch and 
the penstock above the wye and the differences between each under the test 
conditions have been plotted Fig. curve eddy losses was likewise 
plotted this sheet which shows once, that the eddy losses are closely 
related the difference between the velocity head the penstock above 
the wye and the wye-branch carrying the smaller quantity water, which, 
the case this group tests, was Branch No. shown Fig. 
the eddy losses with one unit running were found vary 12.5 

The difference between the velocity head the main penstock above the 
wye and the velocity head Wye Branch No. is: 


A hy hy hos = 0.0103 Q? — 0.0415 (1) 


obtain he; thus: 


Equation (2) equals when Since the eddy losses were found 
vary with the unbalance flow rather than with the total flow, Equa- 
tion (2) becomes, 


when less than Expanding Equation (3) include the expression 
for the difference velocity head, the equation for eddy losses above the 
tie-plate the wye-branch for any diversion flow between the two branches 
the wye, when less that is: 


Eddy losses computed Equation (4) agree closely with the test results 
plotted Fig. Care must taken when using this equation interchange 
the positions and when greater than The total loss, 
the wye-branch the sum eddy losses and diversion losses and may thus 
expressed for Branch No. when less than 
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The expression for Branch No. when less than Q,, is: 

When less than the expression for Branch No. is: 


Equations (5), (6), and (7), may used compute the total losses 
Branch No. and Branch No. the wye with any division flow between 
the two units. The total losses that were observed the two branches the 
wye during Groups (1) and (3) the test runs, are plotted Fig. Equa- 
tions (5) and (6) apply these curves. 


With the losses each part the flow line and the laws governing them 
known, was next desired combine their values determine the total 
flow-line losses for different divisions flow through the two penstocks. This 
has been done Table for the two conditions loading: (1) Equal flows 
through both turbines; and (2) unequal flows through the turbines (maximum 
condition unbalance). 


PER SECOND 


Surge Tank 
Through Wye: Penstock: Total: 


Tunnel 

(1) (2) (3) (4) (5) (6) (8) (9) (10) (11) 


(a) Unequat Frows Trrovcs Tursines 


200 217 0.02 0.50 0.21 0.05 0.08 0.81 0.57 
400 417 0.05 1.40 0.75 0.17 0.38 2.58 1.62 
600 617 0.10 2.40 1.66 0.37 0.86 5.02 2.87 
800 817 0.18 3.90 2.90 0.76 1.48 8.46 
000 O17 0.32 5.50 4.13 1.44 2.30 12.68 7.26 
125 142 0.46 7.00 5.88 2.02 2.95 16.29 9.48 
125 200 325 0.66 9.40 6.23 2.45 2.95 0.08 19.24 12.59 
125 400 525 0.90 12.50 6.26 2.95 2.95 0.38 22.61 16.73 
125 600 725 1.21 15.90 6.38 3.73 2.95 0.86 26.44 21.70 
125 800 925 1.34 19.60 6.57 4.84 2.95 1.48 30.46 27.26 
1125 125 1.56 23.60 6.93 6.22 2.95 2.30 35.04 33.68 
1125 250 1.76 26.20 7.22 7.22 2.95 2.95 38.13 38.13 


100 200 0.02 0.50 0.08 0.04 0.64 
200 400 0.05 1.40 0.30 0.08 1.83 
300 600 0.10 2.40 0.53 0.21 3.24 
400 800 0.18 3.90 1.06 0.38 5.52 
500 000 0.32 5.50 1.58 0.60 8.00 
600 200 0.53 7.70 2.20 0.86 11.29 
700 400 Q.75 10.55 2.97 1.15 15.42 
800 600 0.98 13.75 3.83 1.48 
900 800 1.20 17.25 4.78 1.85 25.08 
000 000 1.42 21.10 5.83 2.30 30.65 
100 200 1.65 25.05 6.96 2.83 
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for determining flow-line losses and net heads the turbines. Knowing the 
net head easy compute the turbine-water consumption. This informa- 
tion much used for storage and general hydrological 


407 


Total Head Loss, in Feet 


ors Two Units 


Total flow in Hundreds of cu ft per sec 


The final step this part the research was first reconcile 
formula and the Williams-Hazen formula for friction losses concrete and 
steel-lined tunnels the losses actually observed these tests, and, then, 
ascertain how well the coefficients commonly recommended for use the 
formula fitted this particular flow-line installation. 

this was first necessary compute the coefficients roughness 
which were applicable the converging steel-lined penstock between the surge 
tank and the wye which section the losses had been determined. The 
cients roughness that were obtained this manner were used computing 
the losses which must have occurred the steel-lined penstock from the end 
the concrete-lined tunnel the surge tank. They were also used 
computing the losses the steel-lined section the tunnel just below 
the vent. The sum these two losses was removed from the total observed 
losses between the vent and the surge tank, leaving those losses which occurred 
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that part the tunnel with concrete lining. The coefficient rough- 
ness applicable the concrete-lined tunnel was computed from these losses 
using the Williams-Hazen formula: 


1 .668 Rue 
For the purpose comparison between the observed and the computed 
losses pipe, Equation (8) may written: 


The coefficients roughness which were obtained for the steel-lined pen- 
stock were found vary from about for very low velocities flow 96.5 
for high velocities, shown Fig. 10, instead remaining practically 
constant for all velocities. This variation the result the difference 
between the Williams-Hazen exponent 1.852 which applied the mean 
velocity flow and the exponent 1.75 which was computed from the 
observed friction losses between the surge tank and the wye, the equation 
for these observed losses being: 


The coefficients roughness which were computed for the concrete-lined 
tunnel were found remain nearly constant for all velocities, averaging 


16 16 


— 


Velocity nm 14-ft, Riveted. Stee! Pipe. im ft per sec 
Velocity in 14-ft Concrete Pipe, in ft per see 


Values of Cy = Wilhams-Hazen Coefficient of Roughness 

Hazen ROUGH- COEFFICIENT ROUGHNESS, WITH 

NESS, WITH VELOCITY FOR VELOCITY TUNNEL. 


PENSTOCK BETWEEN TANK 
AND Wye. 
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about 134, which the value most commonly used. The computed 
these coefficients are shown Fig. where seen that, except for 
the lower velocities flow, they varied within comparatively narrow 

similar manner the value the Chezy coefficient, that was appli- 
cable the concrete tunnel and steel penstock for different velocities flow, 
was computed from the observed losses. The coefficient roughness, that 
would used compute these values was determined from Kutter’s 
formula. These data are plotted Fig. 12. 


0.022 


2 16 
Mean in Feet Second; Foot 


VELOCITY, FoR CONCRETE TUNNEL AND STEEL PENSTOCK. 


Coefficient of Roughness, n, For Use in Kutter’s Formule 


The values for the steel penstock were found vary from about 0.022 
for very low velocities flow 0.016 for high velocities. Likewise, the values 
for the concrete tunnel varied from about 0.020 for very low velocities 
flow 0.011 for high velocities. 


The entrance losses were found small and varied almost exactly 
proportion Q*. The losses that occurred the concrete-lined tunnel were 
found the same those which would computed the Williams-Hazen 
formula when using coefficient roughness equal 134, which the value 
commonly recommended for concrete-lined tunnels, thus proving the correct- 
ness the formula for use this particular part the installation. When 
computing the losses the concrete tunnel means the Chezy formula, 
was necessary vary Kutter’s coefficient roughness from 0.016 0.011 
for different velocities, compared value 0.011 that commonly 
used for designing. 

The observed losses the steel-lined penstock were found vary with 
instead with Q*™ would the case when using the Williams-Hazen 
formula. consequence, order compute the true losses for this 
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particular part the installation when using the formula, was necessary 
vary the coefficient roughness from value about for the lower 
value approximately for the higher ones. Thus, the 
formula was not applicable the steel-lined tunnel this installation when 
using constant value for the coefficient roughness. When using the Chezy 
formula for computing the losses the steel penstock, was necessary 
vary Kutter’s coefficient roughness, between 0.020 and 0.016 for different 
compared value 0.016 that commonly used for designing. 

The losses the wye-branch, which were found relatively high, were 
composed eddy losses occurring above the tie-plate, and diversion losses 
which were created result the curvature the flow line this point. 
These losses varied according definite laws which were determined 
result these tests. 

Losses the penstock branches were found composed friction 
losses and diversion losses the lower penstock bends. They were 
greater magnitude than would normally the case, due the presence 
the diversion losses. 

The diversion losses the lower penstock bends were found vary 
with the 2.20 power the flow, while those the wye-branch were found 
vary with the 1.75 power. comparison between the diversion losses these 
points little significance, however, because the shape the wye-branch 
was determined mainly the requirements for mechanical strength rather 
than the hydraulic efficiency that could attained. Consequently, the 
cross-sectional shape and curvature each branch the wye are not compar- 
able the bend each penstock branch. 

The total flow-line losses from the forebay either turbine scroll-case 
were found increase when the loads the two units were unbalanced. This 
was due chiefly the eddy losses that occurred the wye-branch. The losses 
the flow line were found less when operating the two units with 
balanced, rather than with unbalanced, flows. However, this should not 
done the exclusion allowances for turbine and generator efficiency under 
conditions loading where their effect dominated the over-all efficiency 
the plant. 

The unsymmetrical arrangement the spirals the turbine scroll-case 
was found produce unequal diversion losses the two lower penstock bends. 
This inequality was relatively small and unimportant with regard flow-line 
but served demonstrate the far-reaching effect the eddies that 
resulted from the diversion losses. 
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DISCUSSION 


(by important addition the data avail- 
able concerning the hydraulic behavior large pressure conduits actual 
operation, contained this paper. Although regretted that 
piezometer connection existed immediately above the wye branch, for the pur- 
pose checking the wye-branch losses and, the same time, affording direct 
means determining the friction losses the steel-lined section the tunnel, 
the conformity the test points the theory the nature and location 
the wye-branch losses such that the validity the analysis can scarcely 
questioned. 

The values the coefficient, derived, furnish important confirma- 
tion those already use for the concrete section the pressure tunnel; 
but the apparent exponential discrepancy, with respect the steel-lined section, 
unexplained. The additional point observation, previously mentioned, 
would have aided materially substantiating these results. 

The most illuminating part the analysis that which deals with the 
losses occurring the vicinity the wye branch. Little work has been done 
with this special type structure the past, with view determining its 
behavior under varying conditions flow and the magnitude the losses 
involved. Mr. Fosdick segregates these losses into two classes, “eddy” losses 
and “diversion” losses; the former take place above the point bifurcation and 
affect both penstock branches alike, whereas the latter occur beyond this point 
and reflect the energy losses the individual branches only. Due the 
destruction directional velocity head, both are essentially impact losses, but 
their respective values are widely disproportional the velocity heads involved. 
comparison velocity-head changes produced (see Table 2)—with corre- 
sponding losses observed, throughout the range one unit shut down and the 
other increasing illustrate this point clearly. For the range selected, 


glance the respective factors for eddy and diversion losses Table 
reveals that the former never equal unity, indicating partial recovery 
velocity head; the case the diversion losses, however, the approximate 
factor five indicates loss far excess the total theoretical impact 
values. 


Engr., The Washington Water Power Co., Spokane, Wash. 
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The obvious disparity the relationship these losses may lie, conceiv- 
ably, wholly the fact that all values velocity heads used the computa- 
tions are based average conduit velocities, whereas the observed effects 
result from the actual velocities the points varying influence. The 
yelocity changes which produce the “eddy” losses may occur largely near 
the wall the conduit, the higher interior velocities being gradually diverted 
toward the branch carrying the larger flow. That opposite condition exists 
with respect the “diversion” certainty, for inspection the 
design shows that the greatest and most abrupt diversion flow occurs 
the produced axis the pressure tunnel, where the velocity its maxi- 
mum value. The conclusion drawn from these facts that attempted 
computation losses structures this character should made only 
after giving careful consideration the matter velocity distribution. 

The magnitude the losses evident this particular installation arrests the 
attention indeed. When total head loss for one unit wide open, 
almost for full plant load, occurs such short length flow 
line, certainly time give some attention the matter design. 
quick computation the horse-power equivalent this loss will give some 
idea its economic importance. long the problem left 
solely the hands the structural designer, little, any, improvement 
may expected. 

The “eddy” losses, characteristic unbalanced flow, can never elimi- 
nated entirely although their maximum effect can probably considerably 
reduced; the “diversion” losses, which are far the more serious, can 
minimized adequate care design. The structural problem involved can 
solved several ways, the method used depending such physical 
characteristics internal pressure, size conduit, and location structure. 

One method combining hydraulic efficiency with structural adequacy, 
which seldom, ever, used the United States, that developed the 
French engineer, Ferrand; for simplicity and effectiveness unexcelled. 
The device consists, essentially, manifold, proper hydraulic design, 
which entirely inclosed steel jacket appropriate structural capacity. 
This jacket may spherical form, combined cylindrical and hemi- 
spherical form, combined conical and hemi-spherical form, depending 
upon the dimensions the inner structure housed. means open 
ports the main penstock, the conduit pressure any instant immedi- 
ately communicated the otherwise closed chamber lying between the outer 
shell and the manifold proper. this manner uniform, and always 
balanced, support furnished for the interior water-conducting shape. 
will evident that the duplication metal involved little moment, for 
the interior structure need only sufficient weight withstand unbalanced 
kinetic pressures. 

view the fact that the science hydraulics is, and ever must be, 
large measure dependent upon empiricism, hoped that keener 
appreciation the certain benefit derived from the equipping and 
testing future installations, will lead those responsible for the design and 
construction hydraulic projects incorporate their plans provision for 
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further work this character. general rule, the expense involved 
adapting hydraulic structure the réle laboratory model trifling, 
compared with the value the data that may secured this manner, 
that failure can construed only mark professional 
indifference. 


Juniors, Am. Soo. (by hydraulic formulas are essenti- 
ally empirical and can only used with confidence within the range for which 
their coefficients have been determined experimentally. The author’s tests 
14-ft penstock, with velocities high per sec, give very welcome 
information the extreme limit existing experimental data. 

regretted that the author failed give his field observations. 
This has tended confuse observational with derived results which, com- 
bined with somewhat unusual method analysis, has made difficult 
compare these tests with the work others. Since the results this test, 
together with those from very few others, form the basic data from which 
coefficients for larger installations must extrapolated, thought that 
few notes concerning the accuracy the tests and brief analysis the 
results form more readily comparable with the work others will 
value. 

The experiments and analyses consist essentially the determination 
the hydraulic losses long pressure conduit with various fittings. 
metric measurements were made five sections follows, lengths being 
given pipe diaméters: (1) Intake vent, diameters; (2) vent 
Adit diameters; (3) Adit Adit 274 diameters; (4) Adit surge 
tank, diameters; (5) and surge tank scroll-case. 

Section (1) consists the trash rack, 10.8 diameters concrete-gathering 
tube, 4.1 diameters 14-ft steel pipe the center line horizontal butter- 
fly valve, and 1.1 diameters steel pipe from the valve the vent. High- 
speed water-level recorders measured the hydraulic grade the lake and the 
vent. 

Section (2) consists 1.7 diameters steel pipe, and 383.3 diameters 
14-ft straight concrete-lined tunnel. 

Section (3), from Adit Adit consists 274 diameters 14-ft 
straight concrete-lined tunnel. The hydraulic grades both adits were 
measured mercury manometers connected single taps the conduit. 

Section (4), from Adit the surge tank, consists diameters 14-ft 
tunnel, followed 28.5 diameters 14-ft single-butt, strap- 
riveted, steel pipe which contains 30° bend with radius 4.20 diameters. 
The surge-tank riser, diameters down stream from the bend, 
diameter and makes vertical angle approximately 19° with the penstock. 
Water elevations were read single piezometer connecting into the riser. 

Section (5), from the surge tank the scroll-case, consists, first, 712 
the wye connection (average, diameters 13.25-ft pipe). Part the 
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pipe single-butt and the remainder double-butt, strap-riveted. the sym- 
metrical wye, which has central angle 45°, the pipe reduced from 
6-in. two 10-in. branches. From the center line the wye 
the center line 29° bend with radius 7.5 diameters, distance 
about 6.2 diameters, and from the bend the center line the balanced 
7.6 diameters, the total length from the wye the center line 
the valve being 13.8 diameters 10-in. pipe. ring piezometer con- 
nected dampened mercury manometer, (1.7 diameters) from the 
center line the valve. The piezometer connections are in. stream 
from the 6-in. opening the turbine scroll-case the wall the reducer 
which follows the valve. 

Prior the hydraulic tests reported the paper, efficiency tests were made 
the turbines using the Gibson method determine the discharge. For this 
purpose differential manometer was connected single tap point 
about diameters down stream from the end the wye and 1.0 diameter 
stream from the bend, and single tap point about 4.5 diameters down 
stream from the end the bend and 0.5 diameter ahead the valve, the 
length included pipe being 8.8 diameters. Simultaneously with the differ- 
ential pressure readings, turbine head readings were made the ring piezom- 
eter well such electrical measurements were necessary compute 
the generator efficiency. Each unit was tested with the other unit closed 
down, variations load being obtained controlling the wicket-gate open- 
ings the unit being tested. From data thus obtained discharge curves were 
plotted for varying generator outputs, heads, and gate-openings. These curves 
were then used the later tests determine the mean velocities. 

Since the author does not give the details the efficiency tests, diffi- 
cult estimate their accuracy. previously described the locations the 
pressure taps were near fittings which caused abnormal pressure and velocity 
distributions the flowing water, thus making high precision difficult. 

The total energy passing given cross-section conduit per second 


expressed by: da. Where unusual conditions exist, 


such near fittings, the law expressing the variation each these 
quantities throughout the cross-section unknown; for example, the ring 
piezometer, from which the head the turbine was obtained, only about 
diameters below combined vertical and horizontal bend, diameter below 
the balanced valve, and only 0.22 diameter stream from the scroll-case. 
this section. the stream lines would not parallel the pipe 
actual velocity and pressure traverses were made across the section the 
following might represent the magnitude the corrections required 
the nominal values obtain the true energy grade: 1.0 

For the maximum measured (5.3 ft), this correction equals 0.6 
2.6 from 0.16% 0.70% the head the turbine. Although 
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this correction nothing but estimate, certain the tests discussed later 
give confirmatory evidence. should noted that such percentage 
rection necessary also applies directly the efficiency determination, 

Considering the difficulties under which the discharge measurements were 
obtained originally and the errors involved later transferring electrical 
measurements various gate-openings velocities, believed that for 
the hydraulic tests error least the velocities can 
expected. 

The difficulties which have just been discussed determining the true 
energy grade point where the stream lines are not parallel and where 
the velocity and pressure distribution throughout the flowing stream are 
unknown, apply three other the piezometric locations. The effect this 
condition will discussed connection with the tests. 

Section (1).—Intake Vent.—This section contains trash rack, gathering 
tube, and friction losses plus apparent drop pressure across butterfly 
valve. The vent which the hydraulic grade was measured only 0.5 
diameter down stream from the leaf the open gate. From Italian 


which the differential drops hydraulic grade across butterfly valves were 


measured, the drop across the valve may estimated 0.45 for the 
author’s test, the velocity head being that for the 14-ft pipe. The friction 
losses the intake section may also estimated 0.1 Subtraction 
the sum the friction loss and valve drop from the nominal energy loss 
indicates that the net trash rack and gathering tube entrance losses certainly 
not exceed 0.05 and are probably less. The losses given Fig. which 
approximate 0.60 are, therefore, not net intake losses, but consist largely 
the drop across the butterfly valve. 

Sections (2) and Adit writers consider that the tests 
made Sections (2) and (3), which include 659 diameters straight 14-ft 
concrete conduit, are far the most accurate and valuable the 
data and are deserving more discussion than has given them. There 
are few tests large pipe high velocities, free from errors due the 
effects bends and fittings these tests. Two methods treating the data 
are possible: Either Section (3) alone can analyzed, the difference between 
the readings Adit and Adit giving the energy loss directly, these 
sections the velocity distributions are the same; Section (2) can combined 
with Section (3), and the loss over much greater length pipe can used. 
this latter case correction must applied the drop the hydraulic 
grade measured allow for the influence the butterfly valve. 
the foregoing two methods yields substantially the same results. However, 
since errors piezometer readings affect the accuracy inversely proportional 
the length section which the friction loss determined, Sections (2) 
and (3) combined appear give the more reliable results, even when the addi- 
tional error involved estimating the valve correction considered. The 
method making this estimate follows: 

the reading the vent (1.0 0.45 hy) added, the energy 
grade stream from the valve obtained. The energy loss due the valve, 
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which, course, less than the piezometer drop across it, occurs 
Section (2) and may estimated 0.25 hy. Adit the velocity profile 
fully developed, that the true energy head may approximated adding 
1.05 the piezometer reading. The net energy head loss Sections (2) 
and (3) thus equals the difference readings between the vent and Adit 
plus 0.15 hy. This valve correction may only within 0.15 the 
correct value, but since the measured loss approximates 7.0 hv, the percentage 
error would only the order per cent. The probable error the 
mean sixteen field determinations the friction drop computed 
about per cent. Combining all errors believed that the determinations 
the friction factor have probable error not more than per cent. 

The best method for estimating and comparing hydraulic losses pipes, 
which the writers have found, consists plotting experimental results 


logarithmic paper, using friction factors, equal ordinates 


and Reynolds’ numbers, abscissas. Good discussions the theoreti- 
v 


cal basis for using these non-dimensional parameters have appeared 


very practical reason for using such plots, however, that they provide 


Total Friction Loss in 
659 Diameters, in hy 


0.030 
Zh. 
0.016 
0.014 — 
—= 14' 6" Diameter Walkill Tunnel - Catskili Aqueduct 


1 2 3 a 5 6 7 8 910 20 x oy, 
Reynolds Number - in Millions 


Fic. Loss TUNNEL. 


excellent means assembling and comparing visually the entire range 
experimental data. From them the errors probable extrapolation, 
using formulas, may easily estimated. 
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Fig. the plot the experimentally measured losses between the vent 
and Adit the Chelan Tunnel, both the total measured loss and the friction 
factor, being plotted against the Reynolds’ number. For comparison with 
this test the results equally reliable experiments made two the tunnels 
the Catskill Aqueduct and the 18-ft tunnel the Niagara Power Com- 
pany, given Kemler, have been added. These data, obtained from 
straight concrete conduits, for which the concrete was poured against steel 
forms, approximating mortar finish the surface which was free from 
form marks, show consistent trend losses over considerable range 
Reynolds’ numbers. They become great value, therefore, for the purpose 
extrapolating Reynolds’ numbers from 30000000 80000000, 
range which covers flow pipe from diameter. 

aid extrapolation, tests smooth brass pipe high Reynolds’ num- 
bers have also been plotted. concrete pipe becomes larger and larger, its 
surface relatively tends approach smoothness that the smaller brass 
pipe. The lower limit for losses large pipe, therefore, may expected 
approach the losses found for brass pipe similar Reynolds’ numbers. 

his analysis the losses the concrete pipe, the author apparently 
used the measured loss between the vent and the surge tank and, from this, 
subtracted the estimated loss the steel pipe, making other correction. 
Table indicates the differences the two methods treatment. 


per second number 


Present Present 
Author analysis Author analysis 


250 000 0.0112 0.0116 134 124 
360 000 0.0128 0.0120 131 133 


Although the author’s values are within those given the writers, 
the differences are large enough significance connection with the 
design large pipe lines. 

Section (4).—Adit Surge section contains losses due 
friction both concrete and steel pipe, 30° bend, and apparent pressure 
change due expansion into surge-tank riser. Adit the energy 
grade may obtained adding 1.05 the piezometer reading. the 
surge-tank riser neither the average pressure nor the velocity head the flow- 
ing water known, therefore, the energy grade this point cannot com- 
puted directly. estimate the author assumed that, due the acute 
angle between the riser and the penstock, the water level the riser would 
lowered about 0.1 hy. Therefore, obtained the nominal energy grade 
adding 1.1 the surge-tank reading. The correctness this assumption 
may checked roughly estimating the friction and bend losses the steel 
pipe, adding the friction losses, obtained from the experiment the con- 
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pipe, and subtracting the sum from the energy grade Adit The 
following the computation using the data from the author’s Test No. 


Adit 


Elevation hydraulic grade, 1069.73 
Mean velocity, 12.16 per sec; 1.05 feet........... 2.42 


Loss Between Adit and Surge-Tank Riser: 


Experimentally determined friction loss con- 

Estimated friction loss pipe, 


Total energy loss, 


Surge Tank: 


Velocity head, feet 2.42 


Measured hydraulic grade, 067.04 


Re-gain head, feet 0.81 


The average re-gain velocity head the surge tank, determined 
similar computations for all tests having velocity ft, more, was 
0.15 hy. Instead re-gain, the author assumed there would drop due 
suction. The result that all his computations the losses Sec- 
tion (5) used surge-tank energy grade 0.2 above that which the writers 
consider applicable. 

Section (5).—Surge Tank Scroll-Case Piezometer Ring.—This section 
contains the following losses: (1) Sudden contraction loss from surge-tank 
riser; (2) friction loss diameters 13.25-ft. steel pipe; (3) wye loss; 
(4) friction loss 13.8 diameters 8.83-ft. pipe; (5) 30° bend loss; and (6) 
balanced valve drop. Since the velocity and pressure distributions the 
surge tank and the piezometer ring are both different and unknown, correction 
factors must applied the hydraulic grade drop order obtain the 
total true energy loss this section. previous estimates 
the true energy grade the surge tank about 0.2 less than, and that 
the scroll-case, 0.3 higher than, the grades assumed the author, the 
combined corrections reducing the total loss given the author about 
per cent. These figures are applicable the condition equal 
each the penstock branches. 
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Turning next the author’s methods distributing the total energy 
loss from the surge tank the scroll-case into its six component parts, and 
from these data deriving laws for the losses wye, bend, and 
steel pipe, the writers consider that spite the ingenious methods which 
were used make the most the meager information available, the 
sions must considered apply only the particular installation tested 
with, moreover, the reservation that piezometric drops are involved and not 
true energy losses. Even obtain experimentally the true losses for this 
single installation, six additional measurements would have been required. 
For example, evaluate the losses due the bends the wye branch the 
author made use the differential pressures measured the turbine efficiency 
tests. already indicated, this case the absolute magnitude the 
pressure drop obtained depended both the particular location the piezom- 
eters the pipe sections and the conditions flow both stream and 
down stream from the piezometer locations. The pressure drop actually 
measured approximated 0.15 for the higher range velocities tested. This 
three times the energy loss estimated from various bend experiments which 
have been made small Although the results from the latter cannot 
extrapolated with any confidence bend the size tested the author, 
the other hand, results obtained under such unfavorable field conditions 
existed these tests can only regarded with extreme caution. 


Branch No. 2 

Total Lost Head, Surge Tank to Scroli-Case 


0.10 0.30 0.70 
Values of 


6.0 


o 


Lost Head in Terms of A, of Each Branch 
w 


1.0 


believed the author’s treatment “eddy losses the wye branch 
above the tie-plate” and the losses through the balanced valve inadequate. 
Perhaps piezometric drop stream from the tie-plate may expected, 
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but the major part any energy loss must occur down stream from any 
obstruction. The author estimated the energy loss through the valve the 
basis the computed friction loss. additional loss would expected 
due the curvature the stream lines. the whole, the writers consider 
that the best use which can made the author’s field measurements 
Section (5) for the purpose comparing the measured nominal total loss 
energy due wye, 30° bend, and valve with that usual estimate. 
Fig. the nominal total lost energy head from the surge tank the 
ring, obtained from Table terms the velocity head exist- 
ing each the 8.83-ft branches, has been plotted for various values the 
ratio the discharges the two wye branches. Subtracting from these 
total losses, the friction loss the steel penstocks, estimated the writers, 
two curves are obtained which give the sum the contraction loss the 
surge-tank riser, the wye loss, the 30° bend loss, and the balanced valve loss. 


will noted, from these curves, that for increasing values the 


1 
losses Branch decrease account the great reduction the decelera- 


tion losses through the wye. When the nominal loss 1.1 The 


1 
following the writers’ distribution the energy losses for this case, 


expressed terms the velocity head the branch: 


Entrance loss surge-tank 


Apparent loss valve 


Errors estimates losses and differences be- 
tween true and nominal energy gradients 


conclusion, the writers feel that although the author’s experiments did 
not provide adequate data from which true energy losses bends, wyes, 
steel pipe could determined, they did give required operating data, and 
information the friction losses large concrete pipe which long will 
great value other engineers. 

The courtesy the author supplying the writers with information addi- 
tional that the original paper has been much appreciated. him and 
the Washington Water Power Company are due the thanks hydraulic 
engineers for the expenditure the time and money required making and 


analyzing field tests large conduit and presenting the results the 
profession. 


zy | 
ich 
lu- 
his 
ed. 
lly 
or, 
as 
0.05 
0.25 hv ' 
0.55 
te. 
| 


1436 MERRILL TUNNEL AND PENSTOCK TESTS 


indebted Mr. Fosdick for the data friction losses given his paper 
describing the Chelan Tunnel and Penstock tests. Data friction 
steel penstocks various sizes and with different types joints are quite 
abundant, but similar data for large, concrete-lined tunnels are comparatively 
rare. The quite complete data given this paper are, therefore, all the more 
valuable. 

The value 0.0114 Kutter’s formula relatively low and indi- 
cates excellent lining job, probably considerably better than the average 
found concrete-lined tunnels. Engineers using this slightly 
higher, value the design concrete tunnels, must sure that the figure 
they adopt consistent with the kind concrete surface that may reasonably 
expected. 

Figs. 10, 11, and 12, showing how the roughness coefficient varies with the 
velocity the water the conduit, are interest. The relatively constant 
coefficient for velocities greater than per sec the tunnel should 
noted for both the Kutter and the Hazen and Williams formulas. Hydraulic 
engineers, including Kutter himself, have realized that not exact, 
unvarying constant. spite this, most textbooks, diagrams, and tables 
make mention this fact, and probably unknown many engineers. 
Corresponding friction loss data for another long, concrete-lined tunnel prob- 
ably will interest. The Waterville Carolina Power 
Light Company, approximately 000 long, with three long-radius bends 
plan. The upper 21000 the tunnel unbroken grade 0.285 
per cent. the lower end this section, the tunnel drops vertically about 
500 shaft diameter, and then extends the remainder the 
distance the wye grades 0.20 and 1.5 per cent. section, the tunnel 
horseshoe-shaped with area approximately 158 ft. The lining, 
with the exception the invert, was placed monolithically around movable 
steel forms and considered example excellent work, both 
regards alignment and smoothness the The invert was screeded 
shape and not quite smooth the remainder the lining. 

Measurements head loss the tunnel were made 1930, connection 
with the efficiency tests the units, which were conducted the Gibson 
determine the exact loss head the tunnel for the various 
flows, was necessary make allowance for entrance head losses and for 
the losses head the two 90° bends. Based the measured water flow 
and the head lost, the value Kutter’s formula was found 
mately 0.014 for the velocities measured. This was the value used the 
design. 


(by loss tests that were made 
the long flow line Chelan Station seem have supplied welcome addi- 
tion this kind engineering information, judging the excellent dis- 


Hydr. Engr., Ebasco Services Incorporated, New York, 

Engineering News-Record, June 1929. 

Transactions, Am. Soc. Vol. LXXXIII (1919-20), 707. 

Asst. Engr., State Washington, Dept. Public Service, Spokane, Wash. 
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presented. The scarcity information this subject not alto- 
gether due lack existing installations upon which suitable tests might 
run, but from lack research activity. Adequate facilities enabling 
tests made are not usually found the older installations and 
are frequently not included the newer ones spite the negligible cost 
involved. would seem expedient and advisable, therefore, that, the 
future, engineers recommend strongly that hydraulic installations equipped 
with properly designed connections for use conducting hydraulic loss 
tests, even they are not contemplated the time construction. 

The method combining improved hydraulic efficiency with structural 
adequacy means the manifold and shell type construction that 
mentioned Mr. Hill one that has long been known engi- 
neers but has been seldom used. particularly suitable for use reduc- 
ing the fluid losses that result from conduit bends and branches, and with 
the present knowledge that available regarding these losses likely that 
some future installations designers will incorporate this type con- 
struction manner that will materially improve the operating character- 
isties flow lines and penstocks. 

Great progress has been made other fields mechanics but, until 
recently, the science hydraulics has been largely based upon empiricism. 
The use dimensionless parameter means for comparing the hydraulic 
performance various conduits was first made Osborne Reynolds the 
last part the Nineteenth Century. For many years little atten- 
tion was given this discovery but, more recently, considerable progress has 
been made the use this basis, which commonly referred terms 
the Reynolds number. 

The value the Reynolds number basis for comparing the losses 
conduits having smooth concrete lining well demonstrated Fig. 
Messrs. Wing, Bradley, and Evans. result being able correlate 
these data possible extrapolate the results with considerable degree 
accuracy for range Reynolds’ numbers covering the flow pipes much 
larger than any yet tested. The losses occurring conduit bends and 
branches may likewise compared this method. 

The hydraulic properties the various types conduits and equipment 
have long been, and still are, the subject much investigation and study. 
result this work the efficiency flow lines and hydraulic equipment 
has been improved. However, material changes have been made the 
design conduit bends and branches decrease the losses that result 
from them, and these appear among the few remaining types hydraulic 
structures that have sufficient losses some instances justify material 
changes design. 

Several investigators, both the United States and Europe, have 
made extensive studies the losses conduit bends. Sufficient informa- 
tion now available permit the construction bends that will materially 
decrease the losses resulting from this type structure. 

The laws governing the losses conduit branches are closely related 
those governing losses bends, but studies these losses have received 
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comparatively little attention investigators. Some additional work along 
this line could very weli done advantage. 

comparison the loss factors determined for the 22° 30’ wye the 
Chelan penstock, with the loss factors that were found Franz 
laboratory tests 45° wye when extrapolated for the same ratio 
branch area main-line area the 
Chelan wye, are shown Fig. 15. 
45° Test Wye will observed that the shape 


the curves for the relation the loss 
factors the ratio the flow 
the branch compared the flow 
the main line similar and that 
the loss factor for the 22° wye 

when with all the flow 


passing through one branch, approxi- 
mately 23% the loss factor for 
45-DEGREE AND relationship that normally found 
WYE BRANCHES. 
between the loss 
branch miter bends 22° 30’ and 45°, respectively. 
Fig. 16, has been plotted the loss factors for 30° miter bend for 
Reynolds numbers from 000 250000 determined Werner 


30° Penstock Bends Diem 


Reynolds me in Millions 
Fic. LOSS FOR CHELAN 
BENDS WITH RESULTS OF LABORATORY TESTS. 


The loss factors for the lower 30° bend the Chelan penstocks for Reynolds’ 
numbers from about 3000000 13000000 have also been plotted this 
diagram. 

The loss factors for miter bends have been found investigators 
remain practically constant for values Reynolds’ numbers greater than 
250000, and will seen from Fig. that the curve loss factors for 
Chelan Penstock Branch No. falls approximately the extension the 
curve loss factors for the 30° miter bends that were tested the labora- 
tory. The curve loss factors for Penstock Branch No. has upward 
slope which appears error and for which satisfactory explanation 
given. The loss factors each the penstock bends are undoubtedly 
influenced some extent the disturbance linear flow originating the 
wye-branch which located about six diameters above, and these factors, 
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therefore, should used only approximate values for the purpose 
the more precise laboratory factors for use with the larger 
Reynolds’ numbers. 

The fairly close agreement that exists between the results laboratory 
tests and the losses that were observed the Chelan wye-branch and the 
penstock bends, that have been previously cited, indicates that these data 
are fairly reliable and have accuracy that falls within the limits normally 
obtainable field tests this kind when subject the various distur- 
bances encountered. The losses that were estimated for certain parts 
the Chelan flow line Messrs. Wing, Bradley, and Evans may subject 
considerable error when applied this particular installation and should 
regarded when noting differences between their estimates and the 
observed data. 
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Synopsis 


The Cape Cod Canal has been open navigation for twenty-one years, 
but could accommodate only 20% the North Atlantic coastwise shipping 
1934 because limited depth and width. Improvement economically 
justified. For several years following the purchase the canal the 
Federal Government, plans for improvement have been under consideration. 
The most important question involved has been whether there should 
locks, wider, open canal. The engineering and other difficulties involved 
each case are discussed, together with the reasons for selecting the open 
canal. The new bridges which have been constructed are unusual interest, 
one having the longest vertical lift span the world. Construction methods 
include excavation land methods well dipper and hydraulic 
dredging. The tide and current conditions are important because their 
effect navigation. The writer has attempted predict the maximum 
current expected. 


INTRODUCTION 


The Cape Cod Canal situated Southeastern New England the 
narrow neck where Cape Cod joins the mainland Massachusetts. 
approximately miles south Boston and connects Cape Cod Bay the 
east with Buzzards Bay the west. The general location the canal and 
the ocean routes from which the shipping through the canal drawn, are 
shown Fig. 


OTE.—Presented the meeting the Waterways Division, New York, Y., 
16, 1935, and published October, 1935, Proceedings. 


Corps Engrs., Army, Boston, Mass. 


PROPOSED IMPROVEMENT OAPE COD CANAL 


Portland 


Fall River 
New London 
New Haven © . 
Soy net 


Nantucket 


rd 
Shoals 


Baltimore 


Washington O 


Scale in Miles 


(Under Construction) 
S ZA 


Bournedale BAY 


Sagamore 


PLYMOUTH 


BUTTERMILK / SANDWICH 


BAY, 6 
Bourne Bridge 
{Under Construction) 
BOURNE 


Bridge 
Construction) 


ISLAND 


'HINNEYS 


P 


MASHNEE 
ISLAND 
BUZZARDS 
Miles from Seaward End of 
Breakwater Shown Thus 


© 2 4 6 8 10 12 
Scale in Thousands of Feet 


1441 
Portsmouth | 
B \ \ 
CAPE COD CANAL 
Providence Buzzards 
New Bedford, Bay ‘ 
Marti 
New 
4 
44, a 
Norfolk 
ved 
q 
. 
eir 
Pr 
\SLAND | 
ISLAND 
q 
the 
the 
te 
A, Wenaumet Neck 


1442 PROPOSED IMPROVEMENT CAPE COD CANAL 


Including its approach channels Buzzards Bay, the canal has total 
length miles. Beginning the Cape Cod end, the approximate widths 
various sections the canal (see Fig. are stated Table The 
project depth the canal but this depth has not actually been 


maintained for several years. present (1935), the controlling depth 
approximately ft. 


TABLE 


Borrom 


East end West end feet 
of section of section 
300 205 1 000 
Land cut to a point west of railway bridge...... 205 205 35 800 


turns, the width 450 ft. 


Until June, 1935, the canal was crossed three drawbridges, each having 
horizontal clearance 140 ft. Necessarily, these structures limited the 
effective width the canal, and was generally regarded safe for one-way 
traffic only—at least far the larger vessels were concerned. The new 
bridges (which are discussed greater detail elsewhere this paper) have 
horizontal clearance approximately 500 and vertical clearance 
135 ft. 


SuMMARY 


The first agitation for canal across Cape Cod followed the establishment 
the old Dutch trading post, shortly after the Pilgrims settled Plymouth, 
Mass. reported that Miles Standish ascended the Scusset River and then 
crossed the intervening land the head-waters the Monument River, 
there meeting the Dutch traders from New Amsterdam. The commercial use 
this narrow neck the peninsula dates from that time. 

early 1697, the General Court Massachusetts adopted resolution 
providing for survey determine whether not canal would practi- 
cable. There record the report, which undoubtedly followed, and 
was nearly eighty years later that the Colony Massachusetts again author- 
ized study the problem. The Revolutionary War interfered with the 
completion the survey, and, 1791, another committee was appointed 
examine and report the project. 

1824, Congress passed Act directing that surveys made and the 
report Maj. Perault, Topographical Engineer, was printed 
1830, after being approved the State Massachusetts. The project con- 
sidered that time was for canal having bottom width and 
depth ft, with locks. interesting note that the general public 
expected the canal built immediately thereafter, and that was even 
described abroad one the great public works projects about 
undertaken. 
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1860 the canal project was reviewed once more, this time the 
Governor Massachusetts. The Legislature ordered committee engi- 
neers report it, and the resulting document the first comprehensive 
report the entire project. 

This committee suggested canal with bottom width 120 and 
depth ft. Although locks were contemplated, interesting note that 
apparently the members the committee were among the first realize 
that might possible construct canal without locks. This suggestion 
was stated more definitely 1870 Brevet Maj. Gen. Foster, the Corps 
Engineers, Army, who pointed out that time, that spite the 
difference head between the water levels the two ends the canal, 
the resulting currents would not sufficiently great require locks. 

Subsequently, various charters were granted individuals companies 
that hoped construct the long discussed canal. was not until 1883, how- 
ever, that any earth was actually excavated the site. Mr. Frederic Lock- 
wood, who was something mechanical genius, had invented crude 
hydraulic dredge. Through his efforts, company was formed and channel 
nearly mile long, deep, and about 100 wide, was actually dug. 

Fortunately, the land for the right way was obtained that time, and 
through the foresight Col. Thomas Livermore was held until the 
work was begun earnest. Had been permitted revert the original 
owners, there question but that the subsequent efforts obtain Cape 
Cod Canal would have found progress hampered excessive costs for the 
land involved. 

successive intervals, the Massachusetts Legislature granted other 
charters companies which proposed build the Cape Cod Canal, but 
was not until 1904 that financial interests sufficient strength carry the 
project through took active interest the work. that time, Mr. 
Flanagan presented the project the late August Belmont, New York, 
Y., and obtained promise action when the general financial outlook 
improved. 

1909, Mr. Belmont decided begin construction and construction 
company was organized for that purpose. The details the organization, the 
charter, and the procedure followed, have been well described the late 
William Barclay Parsons, Hon. Am. Soc. 


OPERATION 


The canal was opened traffic 1914, which time the depth was 
approximately and the bottom width about 100 ft. Traffic never reached 
the anticipated tonnage, due part the fact that the depth was insufficient 
and part the currents existing the canal, which made navigation 
hazardous its narrow width. 

During the World War, the operation the canal was taken over 
the Federal Government. course, traffic increased greatly during that 
period because the fear German submarines the outer route. After 


Cape Cod Canal”, William Barclay Parsons, Am. Soc. Transactions, 


Am. Soc. E., Vol. LXXXII (1918), 
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the World War, the private interests that had built, and formerly operated, the 
canal refused accept its return the United States Government, and 
efforts were made persuade Congress that should purchased with 
Federal funds. After protracted negotiations and condemnation proceedings, 
Congress finally authorized its purchase the United States for the sum 
$11 500 000 January, 1927. 

Prior acceptance the United States, dredging the full project 
dimensions was required that bottom width 100 and depth 
nearly were available throughout. 

From 1928, when the Government assumed ownership, the present time 
(1935) more than 000 has been spent maintenance dredging, but the 
material removed believed have come primarily from the banks 
the canal. Apparently, there has never been any tendency for sand 
enter the canal either end. 


OPERATIONS 


Since 1933, funds have been available for further widening the bends 
and 70-ft cut was completed early December, 1934. Subsequently, two 
large dredges made additional 35-ft cut into the south bank. The canal 
now (1935) has bottom width 205 throughout and controlling depth 
approximately ft. (At the old bridge locations has been impossible 
obtain the full 205-ft bottom width for the time being. That work will 
done when the old bridges have been removed.) 

The canal used large volume shipping, both passenger and 
freight, well the slow-moving tows barges. Some conception the 
volume shipping can obtained from the record for 1934, which totaled 
cargo tons and 500 vessels. 


Improve tHe 


There are two principal reasons for considering further improvement 
the Cape Cod Canal. the first place, the hazards the outside route 
around Cape Cod are well known and many are considered more serious 
than those Cape Hatteras. These dangers may classified under num- 
ber different headings, follows: Exposure, lack refuge, shoals, zigzag 
courses, currents, storms, ice, and fogs. 

attempting round Cape Cod vessel necessarily exposed the 
elements from the time leaves the vicinity Martha’s Vineyard 
Provincetown, distance nearly 100 miles, and there little shelter 
provided the low-lying land the Cape itself. all the seri- 
ously dangerous storms the vicinity come from either the northeast the 
southwest, and the course followed especially exposed northeast storms. 
contrast with the route through the Cape Cod Canal, which sheltered 
for approximately 60% the distance between New York and Boston, the 
outside route involves equal percentage the journey without any shelter. 

There are absolutely harbors refuge along the outside route. 
Provincetown might regarded, but the harbor open the southwest 
storms and, therefore, not adequate harbor refuge. Other minor 
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harbors offer only 15-ft depths that they cannot used the modern 
larger sea-going barges, motor ships, and steamers. 

The shoals the outer route have long been known particularly 
dangerous because their shifting character and the impossibility main- 
taining straight channel through them. Although there some shoaling 
the canal itself, maintenance dredging has been sufficient preserve 
reasonable project depth, and there every reason believe that, when 
the banks have been properly riprapped, the constant shoaling that now 
occurs will greatly decrease. 

Much has been heard the currents the Cape Cod Canal itself, and 
sometimes forgotten that the tidal currents over the shoals east 
Cape Cod although comparatively weak, often change direction and make 
the following given course, under some conditions, difficult indeed. 
certain places the outside route rotary current, with velocity 
approximately knots, has been observed. the vicinity Chatham, where 
necessary for the ships rounding the Cape follow zigzag course, the 
tidal currents are especially strong and hazardous navigation. 

view the foregoing difficulties, should obvious that fog offers 
far greater hazard vessels the route around Cape Cod than ships 
well away from land the open sea. Furthermore, careful study extending 
over long period years has shown that the fogs the outside route 
the vicinity the Atlantic Ocean are more frequent and longer duration 
than those the vicinity Buzzards Bay and the Cape Cod Canal. 

navigating the shoals Nantucket Sound necessary follow 
course, the angles which times exceed degrees. During recent 
years straighter channel has been dredged the Corps Engineers from 
Lightship northeast the slue between Pollock Rip Shoal and 
Bears Shoal. Although this route somewhat shorter and less tortuous than 
the outer one, still involves several changes direction which, time 
thick fog, means hazardous navigating. 

Ice conditions are not usually such offer obstacle easy naviga- 
tion, but there are occasionally very severe winters when the ice floes reach 
large proportions. such times the shoal areas the narrow channels are 
likely covered with large ice floes which introduce added hazards the 
outside route. true that the very shallow, part Buzzards Bay 
even more likely freeze, with resulting dangers navigation. However, 
the proposed new straight channel will obviate much this difficulty, and 
certain that ice must encountered, far better grapple 
with the protected waters Buzzards Bay than the broader stretches 
the outside route. 

The outside route, furthermore, exposed the full fury the north- 
east storms that sweep across the Northern Atlantic. These storms are 
widely known among the most severe occur any the oceans 
the world, and the loss property and lives that resulted during many 
past testifies their destructive power. For example, the records 
wrecks for many years past mute evidence the dangers the outside 
Although the data available not include full information 
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cargo actually lost, even the number lives, the evidence sufficiently 
complete indicate that the annual cost has been approximately $500 
and that the number lives lost has averaged least annually. 


CoMMERCIAL 


addition the desirability saving lives and avoiding the losses due 
wrecks, there are other more definitely commercial aspects the 
present (1935), the value the shipping that passes through the canal 
only little more than one-fifth that which might ships were 
provided with reasonable depth and freedom from the present hazards 
canal navigation. 


The traffic available, which might use the canal, can best shown 
reference the record coastwise cargoes entering and leaving the Port 
Boston. 1933, this amounted 300 000 tons, whereas the cargo tonnage 


Canal Purchased the United 
States in April 1928 /] 
(6) Total, Net Registered Tonnage, 
Port of Boston 
Cargo, 
Port of Boston LAL | 


20 


~ 
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(5) Coastwise Cargo, 


(2)Gross Tonnage through Canal 


1916 1918 1920 1922 1924 1926 1928 
Year 


Fic. THROUGH AND AROUND THE Cop CANAL. 


through the canal was only 2804000 tons. Fig. with Table presents 
the passages through the canal from the date its opening to, and 
1934. 

The canal was operation only two years before the World War. When 
first opened, late 1914, was not completed full project dimensions 
and attracted only small volume traffic (see Curve Fig. 3). During the 
war, many ships used the canal avoid the submarine dangers the outside 
route. The increase continued until 1920, after which traffic dropped until 
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1928. April, 1928, the canal was taken over the Federal Government. 
The volume traffic then rose rapidly, reaching peak 1930, far the 
number ships are concerned (see Table 2). However, both gross and net 
registered tonnage have increased steadily recent years, except for the one 
year, 1932 (see Fig. Curves and 3). There appear several reasons 


TABLE 2.—Trarric tHe Cop 


ear Year Year Year 

1914 582 | ° | 1919 7 452 | 112 128 | 1925 | 5 010 | 160 184 | 1930 11 464 | 253 727 
1915 | 2 685 * | 1920 8 140 119 088 | 1926 5 259 | 166 787 | 1931 11 291 | 230 707 


*No statistics available. three months under Canal Company. 


for this increase: First, the elimination tolls undoubtedly attracted many 
ships; second, the prejudice mariners against the canal has been overcome 
large extent; third, the canal being maintained depth more 
than mean low water; and, fourth, the widening 205 facilitates 
passage through the canal. That ships deeper draft have been using the 
canal recent years shown Table 


TABLE 3.—Anatysis TRAFFIC 


ear 

Steamships All others Total Steamships Barges Total 

580 543 123 

143 190 039 552 591 

193 248 080 561 641 

260 286 025 558 583 

492 513 083 550 633 


evident that, large extent, mariners have ceased fear the canal. 
Furthermore, the widening 205 has attracted shipping, and logical 
assume that any further improvement would attract still more traffic. 

More than 80% the total coastwise trade and out the Port 
Boston passes around through the Cape Cod Canal. Furthermore, most 
the coastwise traffic passing Cape Cod with the Port Boston. Curves 
and Fig. show commerce the Port Boston for the years 
The general trend during the years 1929 1933 similar that found 
the case the Cape Cod Canal. 

large volume traffic which might use the canal still passes around Cape 
Cod. Some could use the canal present. Other traffic unable 
use because its limiting depths. Table shows the draft and number 
trips for vessels entering and leaving Boston Harbor during the calendar 


*H. No. 795, Congress, Session, 19. 
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years, 1927 1933, inclusive. Fig. illustrates the relation between drafts 


and the capacities vessels entering and leaving Boston Harbor the years 
1929 and 1933. 
SEPARATE 
Draft 1927 1928 1929 1930 1931 1932 1933 
Percentage of all ship- 
30-Foor 
512 546 677 679 522 480 610 
500 485 513 462 438 369 450 
Percentage all ship- 
(5.4) (6.2) (7.1) (7.1) (6.3) (5.6) (6.8) 
685 743 727 580 671 
206 193 233 218 275 
891 936 960 798 946 
Percentage of all ship- Ww! 
(4.8) (5.8) (5.7) (5.0) (6.2) 
Percentage of all ship- - 
The increase canal passages for was 605 vessels (see Table 2), 
whereas the increase shipping around Cape Cod during the same period was 
350 vessels. the total increase, 955 vessels (63%) went through the canal 
and 37% went around Cape Cod. Reference Table will show that com- 


merce using larger vessels. table for Boston Harbor similar Table 
gives approximately equivalent results. With the increase size and draft 
ships, demand for increase the depth the canal may expected. 

apparent from the foregoing that the popularity the Cape 
Canal increasing rapidly and that the commerce which now uses the canal, 
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well that which may use the future, growing volume. 
unquestionably significant that 1933 supposedly one the worst years 
the depression, net registered tonnage passing through the Cape Ood Canal 
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Fic. aND CAPACITIES VESSELS ENTERING AND LEAVING 
Boston 


was the greatest its entire history, except for short period during the 
World War when the fear submarines forced all ships that could 
use the canal. When remembered that the net registered tonnage enter- 


Cop CANAL 


Type vessel 1929 1930 1931 1932 1933 
Motorships. 100 121 137 148 
720 770 810 790 752 


ing and leaving the Port Boston was likewise all-time high 1933, 
and that much this commerce will use the canal soon improved, 
the future usefulness that waterway seen unquestionable. 

account the great diversity freight and kinds ships involved, 
would difficult make accurate estimate the savings shippers 
using the canal. However, known that the total coastwise cargo and 
out Boston during 1933 was 12250000 tons. Approximately 80% this 
total will probably use the canal when adequate improvements have been made. 
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Only 2805000 cargo tons were passed through the canal 1933, leaving 
995 000 tons which might have gone through. The total costs all 
ments contemplated, including the new bridges, estimated about 
3%, the annual interest charges would $932 000, and this 
only cents per cargo ton, 0.20 cent per ton-mile, even the basis 
commerce during depression year. (The saving distance using 
the canal taken miles. true that small portion the coastwise 
tonnage and out Boston may never use the canal. However, any decrease 
the possible economic benefits derived that account would probably 
more than counterbalanced coastwise tonnage, particularly coal and petro- 
leum products, ports north Boston, and the fact that large propor- 
tion the ships using the canal will save more than miles distance 
traveled). recent years, the average vessel has been about net regis- 
tered tons, which the cargo approximately per cent. This would 
mean average cargo 540 tons, and cents per ton the cost chargeable 
each vessel would about $70 per passage. Fuel costs alone for steamers 
would probably between $50 and $200, depending the ship, for the addi- 
tional distance involved the canal were not used. For large tows the 
saving fuel use the canal route would less, but for them the safety 
that route even greater importance. 

considering the project whole and not merely the justification for 
the proposed improvement, would necessary include the total eco- 
nomic benefits the annual losses wrecks the passage around Cape Cod. 
This has averaged more than $500 000 over period several years. 


Hearings held 1934 and earlier, well repeated contacts with 
masters ships and pilots officers and civilian employees duty 
Boston and the canal, make possible state the nature the improve- 
ment desired interests using the canal. Briefly, that the channel 
should deepened and widened permit two-way traffic and that the 
width should sufficient remove the risk being caught during falling 
tide with the bow the ship one bank and the stern the other; or, that 
the canal should widened somewhat permit two-way traffic and 
that locks should installed order still the currents, thereby 
ing the risk stranding vessel cross-wise the channel. 

considering this aspect the problem, necessary keep mind 
the fact that there are two quite different classes shipping which use the 
canal. They are the motor and steam ships the one hand and the tows 
barges the other. recent years, the importance the latter has 
considerably diminished due the utilization powerful motor barges for 
large part the traffic. The shipping that operates under its own power 
may further subdivided into the fast passenger-carrying vessels and the 
slower freight carriers, including motor barges. 

The passenger carriers are naturally interested making the passage 
rapidly possible since they operate schedule which gives them little 
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allowance for delays. The interests involved desire the improve- 
ment along the lines first mentioned (that is, without locks) order 
that these ships may lose minimum time. The slower freight ships, 
including the motor barges, are not concerned about maintaining time 
schedules and, therefore, would not strongly opposed lock canal, pro- 
vided there was sufficient width throughout for two-way traffic. The barge 
proportion the traffic, which steadily declining importance and now 
constitutes less than one-third the registered tonnage, travels even 
slower rate. possible that, the average, lock canal might somewhat 
reduce their time passage. time less importance them 
than the other classes mentioned and, although the somewhat faster cur- 
rent 500-ft canal might make necessary for tows wait for favoring 
tide, else taken through one barge time, certain that those tows 
which had the power could move through regardless currents. (At 
present (1935), even these tows must break and through one barge 
time because the narrow width and the difficulty keeping tows 
line.) Furthermore, favorable currents would encountered least 50% 
the time, and tows could proceed through without breaking the canal 
were wide enough permit maneuvering when necessary. has been 
reported that new barges have been constructed for several years and that 
the trend emphatically toward the use motor ships. Obviously, too 
much consideration must not given class shipping that becoming 
obsolete, which decreasing fraction the whole, and which should benefit 
substantially under either type improvement any case. 

The project dimensions which the estimates are based are depth 
and widths 250 and 540 for the lock and open canal, respectively. 
This particular depth was selected because will accommodate practically 
all the vessels now entering and leaving the Port Boston which may 
expected use improved canal. Taking into consideration the number 
ships the different drafts and their cargo capacity, found that this 
the economic depth. That such the case readily seen reference 
Fig. where the cargo-carrying capacity vessels entering and leaving Bos- 
ton Harbor shown for each several drafts. (There should least 
over-depth allow for minus tides, for “squat” restricted channel, and 
for the fact that the channel bottom will not soft material, but will 
thickly strewn with boulders.) apparent that depth would 
not sufficient for the relatively large volume cargo carried vessels 
having draft from ft, whereas would deep enough for these 
ships. The additional depth gives great increase cargo-passage 
capacity. the other hand, equally apparent that further increase 
depth—say, ft—would result only small increase cargo-passage 
and that would not economically justified this time. width 
540 considered desirable for the open canal for reasons already men- 
tioned, and order that the further deepening some future 
time may made, giving bottom width 500 ft, without disturbing the 
side slopes and bank protection. 
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Loox Versus CANAL 


Since the publication Document No. 795, important new 
tion has been obtained and experience has been gained which necessitates 
revision earlier ideas. New factors considered are: (1) Ice; (2) pile- 
driving; (3) excavation costs; (4) storms; (5) currents; (6) shoaling; 
(7) delays passing through locks; and (8) dredging difficulties, 

(1).—Ice.—The most important new development was the experience with 
ice conditions during the winter The conditions that period 
proved definitely that great difficulty would experienced from time time 
still-water canel. There appears practicable means avoiding 
ice under those conditions, and would most undesirable have the canal 
closed for extended period during the winter months when presumably 
would most needed because storm hazards the outside route. 

(2).—Pile-Driving—Another development primary importance the 
experience with the foundations for the new bridges. Great difficulty was 
encountered driving the steel sheet-piling grade because boulders. 
Presumably, cut-off walls sheet-piling would required under the lock 
walls and miter-sills order that the locks might unwatered when neces- 
sary make repairs. now believed probable that the difficulties encoun- 
tered driving such walls sheet-piling would extremely expensive 
overcome and that the cost locks would increased materially for this 
reason. 

Costs—Apparently, the possibility making 500-ft 
canal was not previously given much consideration because the high costs 
for earth removal which were formerly used basis for estimates. view 
the contract dredging completed 1934, and because the acquisition 
new equipment, including very large dipper dredges (one with capacity 
began working the canal December, 1934), appears that 
costs will lower than was considered possible few years ago. Furthermore, 
there the possibility still further lowering excavation costs doing 
substantial portion the work the dry. 

(4).—Storms.—Recent experience has shown conclusively that the difficul- 
ties navigation and the hazards peculiar the canal have been primarily 
due the narrow width. solely from the viewpoint naviga- 
bility, believed that the 500-ft open canal will definitely superior 
250-ft 300-ft lock canal. One the hazards which will exist either 
the fog that frequently found that vicinity (although not fre- 
quently the route around Cape Cod). The 500-ft open canal will allow 
ample room for passing ships even under the worst conditions, permitting the 
movement vessels. the strong northeast gales that accompany 
the severe storms this region, should considered. lock canal, some 
would probably experienced, especially the case the larger 
ships when loaded lightly. Because necessary approach lock very 
slowly, ship would less responsive its rudder, and the force the 
wind would more effective. the other hand, the most severe gales would 
introduce hazard navigation 500-ft open canal. 
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has been assumed, the safe side, that 
the 500-ft canal will increased accordance with accepted 
hydraulic formulas, the actual currents found when the improvement made 
will probably somewhat less. appears that the volume water passing 
through the 100-ft canal has somewhat affected the level the water 
Buzzards Bay, with consequent reduction the difference between the water 
levels the ends the canal. only reasonable suppose that the 
yolume water passing through 500-ft canal, about five times much, will 
affect the water level Buzzards Bay even greater extent. The result 
will reduce the head, the difference level the two ends the 
thereby diminishing the currents. 

study the erosion that has occurred the 
100-ft channel, and the consequent shoaling which requires maintenance 
dredging, leads the belief that most the shoaling has been due wave 
wash the banks and the resulting caving large quantitites sand. 
follows that adequate bank protection the form rip-rap can expected 
remedy this situation. any event, the wave wash 500-ft canal will 
less than the old 100-ft width. Any hazards navigation due shoal- 
ing and the maintenance dredging made necessary thereby will probably 

(7).—Delays Passing Through the Locks.—In addition the foregoing, 
there are several factors which make the lock canal less desirable. The delays 
incident passage the locks would most objectionable the fast 
passenger-carrying ships. The only shipping that would delayed all 
the case open canal would that portion the tug-and-barges 
combinations, tows, which lacked power move against the current. 
However, this traffic moves slowly best, and saves twelve thirteen hours 
using the canal. Inasmuch the average delay involved would less 
than two hours, and since the currents would expedite passages when favor- 
able, clear that what the tows gained lock canal would more 
than offset delay more important shipping which constitutes the largest 
and growing portion the whole. Still another consideration that locks 
are vulnerable attack the event war, whereas open 500-ft canal 
could scarcely blocked for any long period. 

few years ago was feared that would 
impossible dredge the 100-ft open canal, but this can now forgot- 
ten, inasmuch the canal has been widened 170 throughout its length, 
and dredging has started further widening 205 minimum width. 
Apparently, the prevention shoaling largely question proper bank 
protection against wave wash and that would necessary either type 
canal. 

The alternate plans improvement which was finally decided con- 
sider detail are the project recommended Document No. 795, but 
with twin locks, versus open canal adequate width eliminate the 
hazard grounding across the channel during falling tide. Estimates 
cost are given Table result the studies made, believed that 
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TABLE 6.—Cost Estimates, Cop 1934 


Unit 
ation in cubic measure | cents per Total o 
yards cubic yard 
(1) (2) (3) (4) 

gee Excavation, Including 1-Ft Over-Depth at 
Cape Cod Bay to Locks and 3-Ft Over-Depth 
from Locks to 32-Ft Contour in Buzzard’s Bay: 

Cape Cod Bay 300 000 place $825 000 

Locks Station 400 (see Fig. 240 000 scow 258 000 

Station 400 Wings 438 000 scow 597 000 

Wings Neck 32-ft 146 000 Inscow 516 000 

Other Items: 

Buildings, real estate, dolphins, water supply, 

Dredging, Including 1-Ft Over-Depth from Cape 
Cod Bay to Station 60 (see Fig. 2) and 3-Ft 
Over-Depth Station 32-Ft Contour 
in Buszard’s Bay: 
Cape Cod Bay Station 786 000 place $946 000 
Station Station 400 (see Fig. 2)........ 446 000 851 000 
Station 400 Wings 438 000 scow 597 000 
Wings Neck to 32-ft contour............... 1 146 000 In scow 45 516 000 
Excavation the dry, from Station Station 
Other Items: 

Land takings, administration buildings, etc.....] | | 900 000 

Dredging East Basin 32-ft depth, with 

Dredging West Mooring Basin to 32-ft depth, with 

over-depth 266 000 ........ 120 000 
Dredging channel into Onset Bay 15-ft 

100 wide, with 1-ft over-depth 000 ........ 000 
Mooring dolphins, West Basin .................. (15 ........ $(500) 500 

Banx 


Crushed rock, quarry 


al 
$2 
8 
1 
290 000 
Total 000 
516 
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large part this excavation, approximately yd, can done 
the dry great saving cost. funds were made available only 
small sums over long period, would probably best widen dredging 
alone, but the project adopted and funds are made available that 
the work can done the most efficient manner, saving approximately 
000 may expected. this basis, the open canal would 000 
less expensive than the lock canal. 


FEATURES THE IMPROVEMENT 


addition the deepening and widening, other minor betterments should 
provided. The additional volume shipping anticipated will require 
enlargement existing facilities and other work which discussed briefly 
herein. 

times, during northerly northeasterly gales, Cape Cod Bay becomes 
rough that tows and smaller craft are unable continue the voyage out 
the canal. Therefore, will necessary provide mooring basin 
where vessels thus delayed may tie until such time they can proceed 
with safety. Such mooring basin should about 2000 long and extend 
inshore about 300 from the edge the channel (see Fig. 5). Each end 
the mooring basin should tapered that the width required (200 ft) 
reached distance from 300 500 ft. planned that additional 
model experiments will undertaken, and that one object the investigation 
will ascertain what size, shape, and location mooring basin will result 
the least interference with navigation through its effects currents and 
shoaling. 

There are special difficulties due weather the Buzzards Bay end 
the canal. The waters are protected and are safe for all but the smaller 
craft. However, times, necessary tie tows that end while 
the tug traverses the canal with part load. mooring basin will needed 
accommodate this traffic, and would occasionally useful other vessels 
foggy weather. Such basin should preferably located northeast 
Hog Island and southeast the new straight channel. should about 
1000 long and 300 wide, with ends tapered. Mooring facilities should 
provided. 

harbor refuge should provided the Buzzards Bay end the 
for smaller craft. For this purpose, 15-ft channel into Onset Bay 
would suitable. The estimated cost this improvement listed 
Table 6(c). 

present lighting system the canal consists series 
60-ep electric lights piles, spaced 500 apart. The alignment very 
poor due erosion the banks. This system does not meet requirements 
during adverse weather, because low visibility. system lights should 
installed which may increased intensity during foggy weather, 
while there vapor the canal. The lights should about above the 
water level poles spaced 300 apart. Colored lights placed critical places 
the canal may used indicate curves and bridges. The estimated cost 
such installation $100 000. 
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Bank will necessary protect the canal banks against 
erosion due wave wash and currents. This protection should extend for 
(measured vertically) below mean low water and above mean high 
water. Experience with various forms rip-rap has shown that blanket 
one-man stone, 1.5 thick, covering spalls about in. thick, 
the best form. The spalls preferably should two sizes, the smaller the 
bottom. this connection, mention should made the fact that one 
two points along the banks the present canal, peculiar difficulties have 
been encountered attempting protect the banks. The sand these 
points extremely fine and either washes out because eddy currents and 
boils, displaced ground-water flow. 

The estimated cost such protection—based slope 2.5 below, 
and above, mean low water, the protection extend from above 
mean high water below mean low water, and assuming mean tide 
range 6.5 ft—is listed Table 6(d). 

Land the lock open canal will require additional land, 
but the total area involved only small part the whole. the basis 
appraisals made and negotiations progress, estimated that the 
total cost additional land will not exceed $592 000. 

Railway and Highway widening the canal 500 
will necessitate relocating about miles highway the north bank, about 
miles railway the south bank, and short stretches highway relocation 
which must co-ordinated with the railway work. The estimated cost 
the work done the Federal Government $208 000. 

Regulating Works Buzzards has been given the 
possibility constructing regulating works Buzzards Bay. Such works 
would the form dikes that would lengthen the channel, thereby 
reducing the slopes and currents the open canal. Certain theoretical 
studies have made, but clear that insufficient data are available 
which base sound conclusions. Although the open 500-ft canal will 
excellent and satisfactorily navigable waterway, the project might modi- 
fied later include regulating works, experience with the enlarged water- 
way should indicate their desirability. The project whole should not 
delayed pending solution this relatively minor technical question. 


TECHNICAL ASPECTS THE PROBLEM 


The technical aspects the problem naturally divide into the two major 
items excavation and hydraulics the proposed canal. Three bridges 
span the present canal. There are two highway bridges the rolling lift 
type are practically identical. Their substructures consist isolated 
piers under each load, stiffened laterally with reinforced concrete girders. 
These piers were sunk pneumatic caissons and, the case the bridge 
Sagamore, piling was used. 

The superstructure these bridges consists two movable spans the 
double-leaf rolling lift type. The elevation the roadways was about 
above mean sea level and the spans were about 160 ft. Originally, each 
these bridges carried single-track electric railway, but those railways were 
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abandoned long ago and the tracks have been removed. The clearance 
between the fenders protecting the main piers about 140 and this the 
present limiting width the channel. The existing railway bridge consists 
double-track, trunnion, bascule superstructure. The piers are 
tional solid concrete piles with granite facing. The length this bridge 
160 and the clearance between fenders approximately 140 ft. 

When the major improvements contemplated for the Cape Cod Canal 
were first under consideration, plans were prepared involving single com- 
bination highway and railway bridge. This was have 550-ft span and 
vertical clearance above high water 150 ft; 6-lane highway for 
was provided. Since those plans were prepared, however, the substantial 
growth summer automobile traffic and the obligation the United States 
protect the interests the towns near-by, have made desirable con- 
struct two bridges instead one for the highways, and separate railroad 
bridge. 

The highway bridges are similar although the one near Bourne has four 
approach spans, addition the continuous truss extending over three spans 
which found each the highway bridges. The three-span trusses used 
are the Warren continuous type with arched center span. The floor 
supported the upper chord the outside spans and suspended below 
the arched center spans. Each the highway bridges has 40-ft roadway 


Fic. BRIDGE AND APPROACHES. 


and sidewalk addition. Fig. excellent view the Bourne Bridge. 
The Sagamore Bridge similar design, except for the absence approach 
spans. The substructures for these bridges consist piers having massive 
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concrete bases with two concrete shafts connected the top concrete 
diaphragm. The concrete shafts are heavily reinforced and the end abutments 
are hollow reinforced concrete, with massive pylons. 

the case the channel piers, coffer-dams were constructed, and, first, 
was expected that the piers would rest the natural soil. However, due 
the fact that there was difficulty with boulders and that was almost 
impossible, therefore, drive the steel sheet-piling deep originally 
intended, and because the action the saturated sand under the unequal 
pressures existing during construction, piles were used the case three 
the four highway channel piers. They were driven the wet, but even 
under those circumstances considerable difficulty was encountered with the 
blowing sand, because the foundation material lacks any substantial 
quantity binder, such clay. 

The approaches these highway bridges are way traffic circles 
each end, except the south end the Sagamore Bridge. special under- 
pass has been constructed the approach the north end the Bourne 
Bridge. The railway bridge (see Fig. the longest vertical lift bridge 
the world, with 544-ft span between end bearings. The towers are 265 
high, and the vertical clearance the bridge the raised position, 
course, the same the case the highway bridges, namely, 135 ft. 
The truss itself the Warren type with vertical members, the trusses 
being ft, center center. 

This bridge raised and lowered four 150-hp induction motors, two 
which are used drive, and two synchronize, the movement the two 
ends the truss. addition, emergency motors are provided and emergency 
gasoline generator sets furnish energy the commercial power facilities fail. 

This structure the first this type the United States equipped 
with roller bearings. Under ordinary operating conditions, raised 
lowered through 130 approximately min. The bridge normally 
the raised position contrast with the older bridge, which normally down 
and has raised ships approach. Parenthetically, may mentioned 
that this feature will greatly lessen the possibility ship striking the 


bridge. Ship captains will expect find and when they not find 


the raised position expected that they will take the necessary 
precautions insure that the current will not sweep them into the bridge 
before can raised. Under present conditions, normally expected 
the ship’s captain that the bridge will raised approaches. 
quently, when there have been difficulties with the operating mechanism, this 
fact has not been realized the master approaching ship until too 
late prevent the bridge being struck the current made impossible 
stop within short distance. 

few the difficulties encountered constructing the new bridges 
are special interest. the first place, the number boulders which are 
found the Cape Cod soil near the canal made extremely difficult sink 
the steel sheet-piling. The foundation material some cases proved 
very loose and, although was not compressible held position, flowed 
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easily due the fineness the sand and the extremely high water content, 
Although piles were not contemplated originally, was believed desirable 
use them, and the coffer-dam sheeting was left place order confine 
the sand. The wooden piles were driven under water the case the high- 
way bridges, whereas the coffer-dams were unwatered before driving the 
case the railroad bridge piers. Divers cut the wooden piles used for 
the highway bridges, and the concrete was placed under water bottom 
dump buckets. Another interesting feature the coffer-dam work the 
railroad bridge was the unwatering the well-point method. Well-points 
were driven around the coffer-dam and the ground-water flow was discharged 
into the canal. 

The north coffer-dam for the railroad bridge offered many difficulties, 
The material that side the canal seemed especially fluid with the 
result that “blow-ins” minor proportions were frequent occurrences, 
Furthermore, the shifting the earth the immediate vicinity tended 
distort the coffer-dam sheeting and place severe strains some the wooden 
brace members. one time, was thought that might necessary 
place additional bracing such extent that driving piles the quantity 
desired would have been impossible (see Fig. 7). Finally, sufficient number 


Fic. UNWATERED, MAIN NEw BRIDGE. 


piles were driven that the first few feet concrete could placed, and 
was with feeling relief that the contractors, well the Government 
engineers, saw the first concrete sluiced into place. course, 
soon had set, the danger the complete destruction the coffer-dam 
was reduced minor proportions. 
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When the canal was first constructed, was expected that practically all 
the excavation could done hydraulic methods. Actually, however, was 
found that although somewhat more than mile the channel from the 
Cape Cod end could dredged hydraulically, the larger part the work 
could not handled that type equipment. 

General Parsons has great length, the attempts operate 
hydraulic dredges the land cut. When the original contractors found that 
they could not make further progress hydraulic methods, they purchased 
second-hand dipper machines which happened available. Unfortunately, 
these machines lacked sufficient power handle the large boulders encountered 
dredging the canal channel, and, finally, became necessary have two 
10-yd dipper dredges. The dredges were assembled the canal and proved 
entirely satisfactory. 

General Parsons had previously urged the contractors consider the use 
steam shovels and industrial railway equipment. This was done with very 
satisfactory results. was found possible excavate the dry depth 
below the ground-water level. Handling the boulders with such 
equipment where they could easily broken blasting proved far 
more practicable than the use even the better type dipper dredge finally 
obtained. Under modern conditions, with superior shovel equipment and the 
mobile and highly adaptable truck for hauling away material, seems cer- 
tain that excavation the dry where practicable will even more advan- 
tageous than was the time the original construction the canal. 

Fortunately, recent contracts let connection with the highway relocation 
for the new bridges make possible estimate closely the cost dry excava- 
tion. Prices cents per have been obtained, even where the haul 
was excess 1000 ft. seems certain that such large volume 
will involved the proposed widening will pay make use the 
modern drag-line equipment, the large steam shovels and 10-yd trucks. 
The material such that difficulty will encountered making roads 
for the truck transportation, and there are some places where heavy drag-line 
equipment with sufficiently long boom can remove the dirt excavated 
the dry without any need for haulage. With this mind, further studies 
have been made order ascertain what depth might reached excava- 
tion the dry. Tests were made the permeability the soil based 
samples taken various points along the length the canal. believed 
that the seepage from the present canal can easily cared for pumping, 
even the excavation the dry carried about below mean high 
water. will necessary leave substantial dam between the present 
canal and the new excavation, and one having top width mean 
high water will used. 

addition the advantage handling the boulders the dry and the 
fact that earth removal will somewhat cheaper this means, there also 
great advantage being able place the rip-rap the dry. every 
one who has had such experience knows, placing rip-rap under water 
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somewhat uncertain process and likely wasteful material. the 
other hand, placing the rip-rap blanket the dry, will possible 
have exactly desired with the least cost. 

With large part the excavation the dry, the problem providing 
disposal areas introduced. After careful study the territory the 
immediate vicinity the canal certain sites have been selected indi- 
Fig. These sites provide more than sufficient disposal areas for the 
nearly 9000000 which can excavated the dry. 

The excavation the east end the canal, with the exception sufficient 
excavation the dry for the purpose placing the rip-rap, can done 
hydraulic methods. West Station (see Fig. 5), however, will 
necessary make use the most modern high-powered dipper-dredge equip- 
ment. The analysis borings that have been taken along the site the 
proposed straight channel Buzzards Bay indicate that may possible 
excavate major portion the material there hydraulic methods, 


Dredging operations the new straight channel through Hog Island can 
started the earliest practicable date. This can continue completion 
without interruption funds are provided. The approximate maximum rate 
which funds can used efficiently for this part the work 000000 
the first year, and 113 000 the second year. this rate, the work would 
completed two years. 

the land cut, excavation the dry will the most economical. 
means drag-line, shovels, trucks, and other land equipment. Much the 
necessary equipment would available this region and carrying 
the work this manner would provide jobs for the unemployed near-by 
cities. The cost such excavation will probably little more than one- 
half the estimated cost dredging through the major portion the land cut. 
Furthermore, excavating the dry will possible place the rip-rap 
for bank protection dry land instead under water. This will more 
economical and the long run will give better results. Several contracts 
for excavation the dry can projected simultaneously, and each should 
include placing the required rip-rap the section excavated. Areas for the 
disposal the material excavated have been selected tentatively. esti- 
mated that funds for this part the work can used efficiently the 
maximum rate the first year and the second. Two 
years will required complete this part the work, including the placing 
rip-rap. desirable that this part the improvement started 
the earliest practicable date. 

the excavation the dry begun promptly, will possible begin 
the dredging the land cut those sections where the excavation the 
dry and the placing rip-rap shall have been completed. Approximately 
will have removed from the land cut dredging. 
estimated that funds can used efficiently the rate indicated 
Table 
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utilizing dry excavation far practicable, the foregoing program 
would probably effect saving about compared the all- 
dredging method. However, the enlargement spread over long 


Description work First year Second Third year Fourth Fifth year 


Engineering and contingencies, 
900 000 890 000 465 000 465 000 302 000 
900 000 823 000 565 000 565 000 319 000 


period years, the more costly dredging method will probably advisable, 
because each expenditure would provide more immediate benefit 
navigation. 


very distinguished engineer has expressed the problem presented 
the flow water the Cape Cod Canal “an extremely complex one 
hydrodynamics, being the analysis the motion water canal con- 
siderable magnitude connecting two seas, the tides which differ great 
extent, both phase and amplitude.” comparative length and cross- 


section, well the tidal conditions the ends, the Cape Cod Canal 


differs such extent from the few other similar artificial waterways that 
methods analysis which have been applied some them cannot readily 
applied it. For example, the “Reflected Wave Theory” developed 
Earl Brown, Am. and applied him the Chesapeake 
and Delaware Canal difficult apply the Cape Cod Canal. 

Observations tides and currents the 100-ft canal yielded data 
which the maximum velocity during tide and the time its occurrence 
could predicted with considerable accuracy. The United States Coast and 
Geodetic Survey publishes tables such values the yearly “Current Tables.” 
The prediction the velocities anticipated the proposed enlarged 
canal presents difficult problem for which only approximate analytical 
solution may expected, since the flow the canal not only non-uniform 
(surface slope not parallel bottom), but variable (continually changing 
with time). 

The tide Buzzards Bay (west end the canal) precedes the tide 
Cape Cod Bay (east end the canal) approximately hr, one-half the 
tidal interval. The rise the Buzzards Bay end thus well under way while 
the water still falling the other end, and Buzzards Bay begins fall 
some hours before Cape Cod Bay has reached its peak (see Fig. 8). The mean 
range tide Buzzards Bay approximately ft; Cape Cod Bay, 


Water Tidal Earl Brown, Transactions, Am. Soc. B., 
Vol. (1982), 749. 
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approximately ft. The phase relationship such that the “tide head” 
(defined the maximum simultaneous difference elevation the water 
surfaces occurring during any one tide the recording gauges near the ends 
the canal) the average within after high water and within 
after low water Cape Cod Bay and averages nearly (over-all 
slope, 0.000146). The greatest tide head ever recorded was 9.5 (over- 
all slope, 0.000275), but such head most unusual, since less than 
the tide heads exceed 7.5 ft. 
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Hours After Moon's Transit 


SEPTEMBER AND OCTOBER, SEPTEMBER AND OCTOBER, 
Because inertia effect, maximum velocity and maximum head during 
any tide not occur simultaneously; nor slack-water and zero head (see 
Fig. 9). The interval time which maximum velocity follows maximum 
head varies widely with individual tides (and difficult determine closely 
because the velocity changes are negligible for considerable period near the 
time the maximum), but generally less than min. The interval 
time which slack-water follows zero head also varies with individual 
tides, and also generally less than min. For all practical purposes, 
slack-water may considered occur virtually the same time throughout 
the length the canal. 

result the tidal conditions the ends, the water the canal flows 
one direction for approximately hr, reverses, and flows the opposite 
direction for approximately hr. The current, therefore, changes direction 
four times day. The maximum velocity each direction approxi- 
mately the same magnitude. The head between the ends the canal and 
the velocity the current the canal are constantly changing, increasing 
from zero maximum and decreasing zero hr. the following 
comments the maximum head (tide head) and maximum velocity for any 
tide will the quantities most frequently discussed. should under- 
stood, however, that this maximum velocity persists for relatively short 
time. The general relationship between tides, head, and velocity are shown 
Fig. 10. 
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Tide Stage, in Feet 
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Tipp CURRENT CURVES, FROM OBSERVATIONS, 


SEPTEMBER AND 1932. 


Prior the beginning construction 1909, number investigations, 
surveys, and reports were made. From the time Thomas Machin was com- 
missioned, 1776, make surveys and plans, until 1862, all proposals for 
the canal involved locks. The report the Massachusetts Joint Committee 
the proposed Cape Cod Canal 1862 contained the first recorded official 
discussion the possibility constructing canal without locks, has been 
mentioned. The Committee was advised concerning technical matters 
Advisory Council (the late Joseph Totten, Brigadier-General, Topo- 
graphical Engineers, Hon. Am. Soc. E., the late Bache, Hon. 
Am. Soc. E., and Captain Davis, Navy) for which the late 
Henry Mitchell, Am. E., then Assistant the Coast and Geo- 
detic Survey, investigated the tidal phenomena involved. The reports the 
Advisory Council and Mr. Mitchell were widely quoted subsequent 
reports, and practically all investigators from that time until General Parsons 
began his tidal observations 1907, based their computations and discus- 
sions currents Mr. Mitchell’s observations tides during one month 
1860. Unfortunately, Mr. Mitchell assumed mean tide level Buzzards 
Bay the same mean tide level Cape Cod Bay, and the error was not 
discovered until nearly fifty years later, when was pointed out General 
Parsons. Mr. Mitchell’s observations indicated that the tide head producing 
flow one direction would far from equal that producing flow the 
opposite direction, result which would tend make velocities computed 
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from his data higher, one direction, than those computed from the correct 
data fact which may partly explain the opposition many prominent 
investigators the construction open canal). 

Nevertheless, between the years 1870 and 1880, two eminent engineers 
sponsored the proposition that canal without locks would feasible. 
his “Report the Cape Cod Gen. Foster, Army, gave 
results calculations current velocity proposed open canal 198 wide 
deep, indicating maximum probable velocity therein miles 
per hr. The late Clemens Herschel, Past-President and Hon. Am. Soe. 
E., supported, with independent computations, General Foster’s conclusion 
that open canal was entirely feasible. From this time until General 
Parsons was appointed Chief Engineer the Company which finally con- 
structed the canal, predictions current velocities anticipated 
open canal various cross-sectional dimensions were made many other 
engineers. 


Parsons’ INVESTIGATIONS 


Tidal observations were begun General Parsons October, 1907, with 
the setting two, automatic, recording tide-gauges, one Buzzards 
Bay, the other Cape Cod Bay. From these observations (which continued 
until 1915) found that, although the Cape Cod Bay tide symmetrical 
above and below mean sea level, the Buzzards Bay tide unsymmetrical with 
reference that plane, mean high water being 2.1 above mean sea level, 
and mean low water being only 1.4 below it. Mean tide level, therefore, 


was above mean sea level and, consequently, the average values the heads 
producing velocities opposite directions not differ appreciably, would 
the case the Buzzards Bay mean tide level coincided with mean sea 
level assumed the 1860 tidal observations. 

After the canal was completed, observation posts were selected ten 
interior points the land cut, and series tide and current observations 
were made under the direction General observers and assistants 
each post. Current velocities were measured means surface floats. 
addition, current meter observations were made Station 225 (nearly 
half way between the ends the canal, see Fig. determine the relation 
between the mean velocity the cross-section and the observed center-surface 
velocity. This factor was desired for the purpose checking the results 
obtained from the application various formulas with the observed 
results. was determined from these observations that: (1) The mean 
velocity the entire section 0.78 times the maximum surface velocity; 
(2) the maximum velocity the section 1.066 times the maximum surface 
velocity; and (3) the mean velocity the entire section 0.73 times the 
maximum velocity the section. 

Velocities computed various methods were compared with those actually 
observed, and method solution harmonic analysis was developed 
General Parsons.* This method, based the theory tides canals derived 
Sir George Biddell Airy, interpreted Professor Maurice Lévy, yielded 


Doc. No. 145, 41st Cong., Session (1870). 
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results which checked those observed closely. The method rather compli- 
however, and this consideration, together with the fact that all analy- 
tical results must based important basic assumptions which may may 
not true, led General Parsons investigate various approximate methods 
solving the problem. The methods included this study were the 
formulas Bazin, Eytelwein, Ganguillet-Kutter, the French Academy 
Sciences, and the method solving the formula for permanent non-uniform 
flow developed Professor Bubendey. From this investigation concluded 
that the Ganguillet-Kutter formula could used for the evaluation veloci- 
ties the Cape Cod Canal with sufficient accuracy for all practical purposes. 


OBSERVATIONS TIDES AND CURRENTS THE 


Shortly after the United States purchased the canal 1928, two automatic 
recording tide gauges were established the same locations those used 
from 1907 1915. These gauges have been maintained continuous opera- 
tion since August, 1928, for the purpose collecting basic tidal data. 


AND OBSERVATIONS, 1932 


comprehensive series tide and current observations was made 1932 
when the project dimensions were 100 ft, shortly before the beginning 
the dredging for widening 170 ft. The Survey Section the New 
York District, Engineers, Army, supplied the equipment and technical 
assistance the Boston District for this series observations. The field 
work was conducted personnel the Boston District Army Engi- 
neers, and the records were compiled and tabulated the 1st New York 
District. The purpose the observations was determine the laws govern- 
ing the flow the canal well secure basis for comparison with 
conditions after future widening. 

Observation posts were selected intervals approximately 5000 
throughout the canal, the locations being made coincide nearly pos- 
sible with those used General Parsons 1915. Two parties were employed 
making the velocity observations, one party remaining the master cur- 
rent station, Station 225, making continuous observations for the full 
period the survey (September October 1932), the other party observ- 
ing each the other posts for period approximately one day. The 
continuous record Station 225 served basis for comparisons between 
the shorter records the other points. similar arrangement for observing 
tides was used, three master recording gauges being maintained for the full 
period the survey while the intermediate tide staffs—one each observation 
post—were read the current observer during the period his party was 
position that post. 

Current observations were made from launches anchored the center 
the canal, the measurement each observation post being confined single 
vertical located the axis the deep-water channel, which was also close 
the point maximum velocity. Observations were made with two -cur- 
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rent meters simultaneously, one three-tenths the depth, the other 
tenths the depth. The meters used were the standard, large, Price type, 
mounted open rectangular iron frame. sealed chamber special 
design the meter frame was used protect the electrical connections 
against the effects long-continued immersion salt water. automatic 
graphic recorder with pen arm was actuated magnet controlled 
magnetic accumulator relay connected series with the electrical circuit 
the meter. Each meter had its individual circuit with separate relay and 
recorder. 

order eliminate minor fluctuations the current velocities measured, 
average values over 15-min periods were taken from the records. After all 
these observed velocities were tabulated and platted, the observations tides 
and current velocities the subsidiary stations were reduced mean values 
for the full period the survey reference the master tide and current 
stations. For convenience, time was reduced equivalent hours after the 
time the moon’s transit. From these reduced values, water-surface eleva- 
tions and velocity were platted against time, shown Figs. and 
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The hourly profiles were also platted, demonstrated Fig. 11. The high- 
water and the low-water profiles were obtained drawing lines osculatory 
the hourly profiles. 

noted previously, the lag the Cape Cod Bay tide behind the Buz- 
zards Bay tide averages hr. Therefore, high and low waters one end 
the canal occur nearly simultaneously with mean sea-level elevation the 
other end. noticeable feature, shown Fig. 11, the flattening 
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the water surface for distance more than two miles from the eastern 
end the canal. The profiles near the time high water especially reflect 
this effect which probably due primarily the propagation the Cap Cod 
Bay tidal wave into the canal. 


The data obtained from the 1932 observations were used basis for 
investigation the relation between head and velocity Charles Panish, 
Assistant Engineer, New York District, Engineers, Army.’ 
order establish this relationship simple form was found desirable 
distinguish between the observed head and the ideal, effective, head produc- 
ing velocity. The effective head defined that existing canal 
equivalent uniform section under conditions steady flow, and was deter- 
mined means the following equations: 

For decreasing heads: 


and, for increasing heads: 


which the effective head; H’, the observed head; correction due 
the fact that the actual canal was not uniform section; and, 
correction due the acceleration the current brought changes 
the tide. The numerical values these corrections were determined 
Mr. Panish, thus: Values vary from 0.0 0.5 ft, being when the 
head maximum during any tide; values vary from 1.1 ft, 
having, for the most common heads, the values listed Table 


TABLE 


Head, feet 


Current from Current from 
west to east east to west 


The study made Mr. Panish the observed velocities and the corre- 
sponding effective heads indicated that for all values the velocity important 
this paper (that is, when turbulent flow occurs), the dominating forces are 
hydraulic, and that the velocities the canal existed the time the 
observations, could computed approximately from: 


the Cape Cod Canal”, April 11, 1933. (Unpublished Departmental 
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which the velocity, feet per second; the effective head cor- 
rected described previously; and has values follows: 


Definition Value 

velocity, 
Average over entire 1.75 
Average the center 2.24 


These coefficients were determined for the canal was 1932 (with 


project dimensions 100 ft), and the proper values for different 


cross-section can scarcely determined analytically advance 
tion that size cross-section. 


For predicting velocities enlarged canal, the method employed 


Maj. Willis Teale, Corps Engineers, Army, developed from his 
analysis both the Parsons’ and the 1932 may used. 
concluded from this analysis that (with slope defined the over-all slope 
determined from the head, corrected for acceleration only, between the record- 
ing gauges near the ends the canal; and with defined the mean the 
hydraulic radii the interior sections the canal) the Ganguillet-Kutter 
formula gives the then existing (1932) velocities the canal with any 
required degree accuracy when value 0.0336 adopted. The cor- 


rection for acceleration applied the head between the recording gauges 


which acceleration, feet per second per second; the length the 
section; and the acceleration due gravity. increasing velocities 
the acceleration head subtracted from (for decreasing velocities added 
to) the over-all head. This correction for acceleration can disregarded 
computing the maximum velocities, inasmuch the maximum head with- 
out acceleration correction usually identical value with the maximum 
corrected head. 

Tide and Current Observations, for widening the canal 
bottom width 170 began October 31, 1932, the project depth remain- 
ing the same—25 ft. much less extensive series tide and current observa- 
tions than the 1932 observations was made September, 1934. the time 
the beginning these observations the canal had bottom width 
least 170 from the east end Station 260, and project bottom width 
100 from Station 260 the west end. During the progress the obser- 
vations the west end the dredged cut was advanced from Station 260 
Station 282 (see Fig. 2). With the canal 170 wide for about 70% and 
100 wide for the remaining 30% its length, was naturally anticipated 
that the surface slopes would steeper, and, consequence, the current 
velocities higher, the narrow part. 

The observations were made order to: (1) Determine the maximum 
velocity the, yet, unwidened part; (2) obtain data the distribution 
velocity within the cross-section with bottom width 170 ft; and 


June 1933. (Unpublished Departmental report.) 


B 


PROPOSED IMPROVEMENT CAPE COD CANAL 1471 


(3) determine the value the roughness coefficient for the 170-ft section. 
Both the work the field and the office computations were under the imme- 
diate direction Donald Horton, Jun. Am. 

The observations were made from one launch from which were 
suspended two current meters the identical type used the 1932 observa- 
tions. The Survey Section the 1st New York District, Army Engi- 
neers, again supplied the equipment and technical assistance. staffs 
were set the same locations 1932 and were observed required 
obtain data for the accomplishment the specific objects outlined herein. 

determine the maximum velocity the narrow section, observations 
were made the center the canal with one meter three-tenths, and the 
other seven-tenths, the depth. Two points had been selected the probable 
locations which the highest velocity would occur, and observations during 
two tides were made each point. The highest velocities were observed 
Station and are given Table 


Direction current ends canal, feet canal, feet 


per second 


order eliminate minor fluctuations the velocities tabulated from the 
records were taken averages over min. The master current station 
the 1932 observations (Station 225) was selected for the observations 
obtain data the distribution velocity the 170-ft cross-section. This 
location was chosen primarily because the canal alignment tangent for 
considerable distance each direction; also nearly mid-way between the 
ends the canal. Nine measuring verticals were selected; one the center, 
the others spaced apart across the channel width. Velocity curves were 
observed each these verticals means the two current meters, one 
suspended constantly three-tenths the depth, while, with the other meter, 
the velocity each tenth the depth from surface bottom was observed for 
not less than 7.5 min. The results obtained each vertical, therefore, were 
value the velocity (average record 7.5 min) each tenth the depth, 
and simultaneous values the velocity three-tenths the depth. Since 
the velocity continually changing, the observed velocities each tenth the 
depth were reduced common value the velocity three-tenths the depth 
means the simultaneously observed values. vertical velocity curve was 
thus obtained for each the nine verticals. 

The determination the variation velocity across the channel was 
observations three-tenths and seven-tenths the depth for not less 
than 7.5 min, successively, each vertical. During the meter observations 
each vertical the center surface velocity was determined means 
surface floats. The series observations was made expeditiously pos- 
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sible during the period from before, after, the time maximum 
current, and was repeated the next day the same manner when the water 
was flowing the opposite direction. From these observations the average 
ratio mean velocity the entire cross-section mean velocity the 
center vertical was determined for four different elevations the water sur- 
face and was found 0.87. 

From these ratios and the relationship between the observed velocities and 
the mean velocity the center vertical (which mean was determined from the. 
velocity curves observed the center vertical), reduction factors for 
the convenient determination mean velocity the cross-section directly 
from the observed velocities were computed for use in: 


which the mean velocity the cross-section; Vos the observed 
velocity 0.3 depth center; observed velocity 0.7 depth center; 
and, and are reduction factors, the average values which,. deter- 
mined for four different elevations the water surface, were found 


0.51 and 0.81. The average ratio, was determined 0.76. 


0.3 

For the determination the roughness coefficient the 170-ft canal, the 
reach from Station 180 Station 275 (Fig. was selected. Tide staffs 
were observed Stations 180, 225, and 275, and current meter observations were 
made the center the canal Station 225, with one meter three-tenths, 
and the other seven-tenths, the depth. These observations were made dur- 
ing the period from 1.5 before, 1.5 after, the time maximum 
velocity for both directions the current. From these observed velocities 
(each average 15-min record), application the reduction factors 
already determined, the corresponding mean velocities the section were 
computed. From the tide-staff observations, the average the hydraulic radii 
within the reach under consideration, and the water surface slope correspond- 
ing each these mean velocities were determined. (The water surface 
slope was determined from the carefully observed difference elevations 
between Station 180 and Station 275 corrected for acceleration.) sub- 
stitution these known values the Ganguillet-Kutter formula, value 
for each the twenty mean velocities determined from the observations was 
computed. The average these values was 0.037. The methods used 
analyzing the results these observations followed, general, very closely 
those used Major Teale his analysis the 1932 


The flow water the Cape Cod Canal being variable (velocity and 
water continually changing), well varied (non-uniform), exact 
analytical determination the velocities anticipated enlarged 
cross-section cannot made any means known the writer. Since the 
maximum velocity during given tide paramount practical 
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the problem may simplified some respects restricting the approxi- 
mate determination the maximum velocity resulting from given tide 
head. Since the general for variable-varied flow, namely, 


differs from the general equation for varied flow only the term, 


which zero the instant maximum velocity, the problem, thus 
restricted, may considered, for all practical purposes, one steady varied 
which the water surface elevations the ends the canal are given 
and the resultant discharge and velocity are desired. Equation (5), 

The ultimate size cross-section which has been proposed that with 
bottom width 500 ft, depth below mean low water (with over- 
depth) and side slopes 2.5. The maximum velocities anticipated 
point approximately midway between the ends the canal (Station 225) 
with cross-section this size were computed solution the varied 
equation for number combinations water surface elevations 
the ends. The method solving the varied flow equation developed Boris 
Am. Soc. E., was used for from west east. the 
other direction, flow takes place against adverse negative slope. this 
case, the method developed Arthur Matzke, Jun. Am. Soc. E.” (from 
equations derived Professor Bakhmeteff), was used. 

the determination the varied flow factors used both these methods 
solution, the Ganguillet-Kutter formula with coefficient roughness 
was used. 

The yelocities first derived were obtained dividing the computed dis- 
charge the area cross-section Station 225, and, therefore, were mean 
velocities the section. Mean velocity, however, not direct interest 
navigators. The velocity three-tenths the depth the center—which 
roughly approximates value the maximum velocity the section—is 
believed (for most vessels which will use the canal) better criterion 
the extent which vessel may affected the current. The mean veloci- 
ties first computed, therefore, were reduced values corresponding velocity 
three-tenths the depth the center the application the factor, 1.31, 
determined from the 1934 observations. The results are given Table 10. 
These results agree closely with those obtained from the application the 
method used Major Teale previously described.* 

Theoretically, since the surface slope not parallel the bottom slope, 
the highest velocity resulting from given tide head would not occur 
Station 225, but one end the canal, depending the direction the 
current. Actually, probable that this effect will somewhat obscured, 


Flow Channels Adverse Arthur Matzke, Proceedings, Am. 
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was observed the existing canal, unavoidable irregularities 
resulting from dredging operations. 

Assuming the same ratio between mean velocity the section and velocity 
three-tenths the depth the center, determined Station 225, these 
highest velocities would given Table 10(b). 


TABLE VELOCITIES THE CENTER THE 500 40-Foor 


Maximum Ve .ocity at 0.3 Maxmoum Vevocrry at 0.3 Dzpra 


Tide From West East 


In feet In 
per second knots 


From East West From West East From East West 


feet 
knots 


persecond| knots knots 


8.8 5.2 9.2 5.4 9.2 5.4 10.2 6.0 
6.5 9.2 5.4 9.4 5.6 9.6 5.7 10.7 6.3 
7.0 9.4 5.6 9.9 5.8 10.0 5.9 11.1 6.5 
7.5 9.8 5.8 10.2 6.0 10.5 6.2 11.5 6.8 


Since comparable velocity 10.1 per sec occurred with tide head 
6.4 the narrow section the existing canal during the widening 
170 ft, appears that the maximum velocities anticipated 500 
40-ft canal will not greatly,exceed those which have been actually experi- 
enced with similar tidal conditions the short restricted 100-ft section before 
the completion the 170-ft widening program. Velocities the proposed 
540 32-ft canal should approximately less than the 500 40-ft 
canal. 

The frequency tide heads the magnitudes listed Table have 
been approximately follows: Higher than 6.0 ft, 15% tides; higher than 
6.5 10% tides; higher than 7.0 ft, tides; and higher than 7.5 ft, 
tides. The phase relationships the tides the ends the canal are 
such that the effect the increased discharge through enlarged canal 
will decrease the frequency with which heads given magnitude occur. 
probable, for example, that with the 500 40-ft canal, tide heads higher 
than 6.5 will during less than 10% the tides. 

The computations described herein, velocities anticipated 
enlarged canal, were based the tidal data observed with the 100 25-ft 
canal, because the changes tidal conditions resulting from the increased 
discharge through enlarged canal cannot determined analytically with 
certainty. Furthermore, the exact value the coefficient roughness 
the Ganguillet-Kutter formula) not known definitely. thus seen that, 
for these reasons, for others, the predicted velocities can considered 
approximate only and are possibly error much per 


practical importance the control the dredging operations for the 
enlargement the canal the locus the plane mean low water which 
will obtain after the completion the enlargement, since the depth 
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determined with reference that plane. anticipated that the increased 
discharge through enlarged canal will change the elevation mean low 
water Buzzards Bay and canal proper, but analytical method 
determining this change quantitatively known. Another problem practi- 
cal importance the design the proposed mooring basins, eliminate 


far possible undesirable and dangerous eddies, which would not 


menace shipping, but also would increase the difficulty and cost mainte- 
nance. Both these problems are considered suitable for analysis means 
model studies. Therefore, believed desirable undertake model studies 
the enlarged canal for the purpose studying these two problems. 
the same time, determinations velocity would made check the 
computed velocities, and with little additiomal cost, the effects regulating 
works Buzzards Bay may also studied. 

The proposed model the enlarged canal would necessarily include enough 
the upper end Buzzards Bay insure reaching point which the 
tide will not affected the increased discharge through the canal. 
this respect anticipated for Cape Cod Bay since its character- 
istics are such that the increased discharge will not large enough affect 
the tide therein appreciably. Preliminary computations indicate that the area 
which should reproduced will necessitate, with the scale tentatively selected, 
model approximately 110 long. 

During the investigation lock canal, two model studies were made. 
The first was undertaken Thomas Lane, Jun. Am. Soc. E., 
and Lt. John Corps Engineers, Army. The purpose 
the study was determine the amount depression below sea level the 
water surface the dock. This problem practical importance 
the determination the datum plane for dredging and the design eleva- 
tion the lock The study was made with concrete model, approxi- 
mately long (scales: Horizontal, 1:1000; vertical, 1:49). The results 
indicated that the depression the water surface the lock would 
small that for all practical purposes could neglected. This conclusion 
confirmed that reached computations made the office the Boston Dis- 
trict, Army Engineers, using the methods developed Colonel Brown 
and General Parsons, which reference has previously been made. 

Model tests were also made determine the most satisfactory design 
the filling system for the lock. These tests were made George Rich, 
with chamber 110 wide, 1000 long, and deep. Five different 
conduit designs were tested for filling time and effect vessel lockage. 
The test ship used was model standard cargo vessel, 600 long, with 
beam, loaded 35000 tons displacement. 


Experimental Study Tidal Action Lock Thesis presented 


Mass. Inst. Tech., May, 1932, partial fulfillment the requirements for the degree 
Master Science. 


Tests the Navigation Lock for the Cape Cod July 1982. 
(Unpublished Departmental report.) 
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DISCUSSION 


about 260 between its serious inception and the first construction work, 
and another yr, more, before was opened traffic the outbreak 
the World War, not surprising that many questions and problems require 
serious consideration before radical enlargements, revisions alignment, and 
structural improvements the Cape Cod Canal are authorized. ‘The value 
this project navigation, satisfactorily demonstrated during its first 
few years operation, from the standpoint time and distance saved 
well hazards avoided, led naturally its being taken over the Federal 
Government. measure national standards for maintaining and 
promoting commerce navigation, was found necessary enlarge the 
cross-section, revise the curvature and some other features alignment, 
and provide other measures safety for vessels beset fog and storm. 

The restricted depth and width the canal originally constructed, 
together with the high velocities occasionally attained, due tidal differences 
prevailing Cape Cod and Buzzards Bays, were directly accountable for 
eral mishaps vessels undertaking use the new waterway. Although the 
losses were relatively small compared with the disasters avoided along 
the outside route, became imperative enlarge the cross-section and 
improve the alignment the canal. During the preparation plans for 
this improvement, developed that some vital differences opinions existed 
among those responsible for the design, review, and supervision the work; 
for example, seemed regarded axiomatic among some official circles, 
that the increase cross-section would result considerable increase 
velocity due tidal action. others, was just evident that there 
should pronounced change velocity due doubling trebling the 
bottom width, with some increase depth. fact, the opinion was even 
ventured that the widening were carried great extremes, say 800 
1000 ft, the tides Cape Cod Bay and Buzzards Bay would occur more 
nearly synchronism, with decreased differences water-surface elevation 
and velocities flow. The apparent proof this assumption found 
consideration what would the condition the two bays were con- 
nected very wide and unrestricted channel great depth. Unquestion- 
ably, their tidal phases would thereafter fairly close agreement. 

Investigations Earl Brown, Am. E., and the late Harry 
Franklin Flynn, Am. Soc. E., connection with the proposed 
New Jersey Section the Intracoastal Waterway, connect the Delaware 
and Raritan Rivers through 31-mile land cut, demonstrated that enlarging 
the cross-section reduced the velocity flow. The dimensions the 
sections compared were approximately those the original and the recently 
authorized enlargement Cod Canal, but somewhat greater each 
case. the aforementioned investigations and demonstrations are accepted 


Engr., Soil Conservation Service, Washington, 
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conclusive, appears questionable whether the proposed enlargement 
540 will result velocities already experienced the original cross- 
section, observed during the process widening the present 205-ft 
bottom width. From analogy, seems fairly well assured that the 
wider section will accommodate sufficiently greater volume water inter- 
changed from the two ends the canal reduce the tidal differences and 
the period lag measurable and considerable amounts, with 
corresponding reduction velocity flow. 

view the cost estimates published Table showing that the 540 
canal section should cost approximately 000 less than 250 
32-ft with twin locks, would interesting trace back among 
the earlier estimates which the financial advantage was generally claimed 
for the lock canal. The project, the Engineering Profession, and the Federal 
Service are all greatly indebted the Division Engineer the North Atlantic 
Division, Col. Hoffman, Corps Engineers, Army, who was 
largely responsible for the modification reversal prevailing opinion 
the proper procedure. His plea was for progress along lines that have been 
proved that are readily susceptible proof. result, the lock construc- 
tion was delayed during the preliminary widening the canal; and the 
intensive study canal velocities related tidal differences Cape Cod 
and Buzzards Bays resulted significant data prove that, with sufficient 
widening, the velocities would found tolerable and the locks unnecessary. 
the other hand, the trend evidence and opinion had continued 
favor the construction the locks after partial widening, then the structural 
work could have continued with more assurance, the result more mature 
consideration. 

During the hydrologic observations canal velocities simultaneously 
designated stations, both before and after widening during recent years, 
notable progress was achieved the art gauging stream velocities with 
relation water-surface elevations. addition the excellent controls 
introduced, well described the paper under appropriate headings, special 
notice should accorded the practical use and value the automatic 
graphic recorder specially devised the Engineer Office for such work. 
was the writer’s privilege, after participating the preliminary studies, 
observe the apparatus, some the records, and the methods developing 
and correlating the data. Unusual skill and ingenuity were displayed 
those responsible for the operation. 

The orderly presentation historical and technical data relating the 
Cape Cod Canal, especially this time, great value the profession. 
The author commended for his painstaking effort. 


the harmonic theory advanced the late General Parsons’, the reflected wave 
theory defined Colonel the determination velocities and sur- 
face elevations several selected cross-sections open waterway, such 
the Cape Cod Canal, connecting two seas having substantial differences 


Engr., Engr. Office, Boston, Mass. 
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tidal phase and amplitude, both complicated and laborious. Moreover, 
stated Captain Harwood, such involved calculation unwarranted many 
cases because the paucity available data upon which base the selection 
the pertinent physical constants. 

However, computing the action navigation lock, located some appre- 
ciable distance from the entrance Cape Cod Bay, raising the elevation 
high tide and depressing the elevation low tide the lock site, relative 
similar Cape Cod Bay levels, the writer has found that the basic equations 
General Parsons may adapted give rational yet comparatively simple 
means estimating the hydraulic effect the canal advance conducting 
confirmatory model tests. For example, the two general equations defining the 
oscillatory flow are: 


and, 


which, addition the notation the paper, the displacement, 
distance traveled particle water time, feet; the height 
the water surface any section, referred the elevation mean tide, 
feet; the time, seconds, referred the time mean tide preceding 
high water; and the distance any cross-section from the entrance 
Cape Cod Bay, feet. 

The following are physical constants, determined the conditions the 
given particular problem: the time, seconds, between successive high 
tides; the base the natural system logarithms; the area the 
average cross-section canal, square feet; the unit weight 
the liquid, this case per for sea water; the wetted perimeter 
the average cross-section canal, feet; the reduced depth the 
canal, feet; that is, the depth rectangular section having the same 
area and top width the average actual section, measured from the elevation 
mean tide; and coefficient such that the friction force, per unit 
for unit velocity. 


The second minus (—) sign from the end this equation erroneously given 
plus (+) Transactions. Am. Soc. E.. Vol. LXXXII (1918). 113. Equation (12). 
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Time, T = 44715 Seconds 


Tide Curve Assumed 
as Sine Wave 
t 


h= hg sin 224 


Axis of Time, in Seconds 


Origin for Time 


x Cape Cod Bay 


later Surface - High Tide Entrance 


Origin for = 
Water Surface - Low Tide 
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For locked canal with velocities the order per sec, less, 
=0.00756 per ft; or, 


and, 


The symbols, and D’, are constants integration determined 
from the terminal conditions each particular case. For locked canal they 
are determined follows (see Figs. and 13): 


When 


and, when 30000, 


Differentiating Equation (6) with respect time, obtain general 
equation for velocity: 


The next step compute the physical constants (see Fig. 14). Let 


Mean Tide Level 


0.00014 radian per sec; 


Substituting the values the foregoing physical constants and making 


80000 and Equation (13); then setting equal, succes- 


sively, and two simultaneous equations are obtained involving 
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Next, substituting the values the physical constants and making 


and two additional equations are obtained and D’, giving 


With the foregoing constants integration determined and substituted 
Equation (7), the maximum value for 30000 obtained first 


placing solving for and then computing from Equation (7) 
for the value thus obtained, giving 6.10 for min after 


other words, maximum high water and minimum low water 


the lock site shortly after the time occurrence the corresponding 
levels the entrance Cape Cod Bay. 
Similarly, with the constants integration substituted Equation (13), 


solving for and then computing from Equation (13) for the value 


other words, the maximum velocity the entrance Cape Cod Bay 
close the time mid-tide. 

Since the original objective making the foregoing study was deter- 
mine the order magnitude the super-elevation and depression tidal 
heights the lock, rather than the refinement the numerical result, slide- 
rule computations were used almost exclusively; and hence claim made 
great accuracy determining the critical times, which may error 
min, more. However, the following series observations, brought the 


TABLE 11.—Comparison Open CHESAPEAKE 
AND DELAWARE CANAL 


High-water Low-water 
" lunitidal Height, lunitidal Height, Range, 
Location interval, feet interval, feet feet 
hours hours 
11.19 5.90 5.59 0.53 5.37 
Georges (February, 1927)....... 11.47 6.01 5.96 0.45 5.56 
St. Georges (April, 1927)*........ 11.44 5.57 5.95 0.67 4.90 


* After canal was cut through. 


attention the writer Lt. Col. Richard Park, Corps Engineers, 
Army, then District Engineer Boston, Mass., regarding similar situation 
which occurred the time when the Chesapeake and Delaware Canal was 
being lowered sea level, tends confirm the reliability the method 
analysis. The Delaware end the Canal was opened the tide for dis- 
tance about three miles the lock St. Georges. For period 
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about two weeks this was far the tide could propagated, and advan- 
tage was taken the opportunity set gauge the lock, permit 
comparison its readings with those the Delaware River gauges. 
shown Table 11, the St. Georges ranges were perceptibly higher until 
the canal was cut through. 


Cape Cod improvement program have been mentioned the discussers, and 
the only phase that seems require further clarification the reference 
Mr. Jarvis the change from earlier estimates which, use his words, 
the financial advantage was generally claimed for the lock canal.” 

Although published data are available, various estimates, together with 
general assertions reports, certainly Jarvis’ statement that 
earlier estimates had claimed financial advantage favor the lock 
The writer’s estimate for the open canal, deep, with bottom width 
540 throughout the land cut, was $23 172 000, whereas the corresponding 
estimate for lock canal was $27499000. The marked change shown 
the estimates presented the paper traceable two major features, each 
involving approximately the same sums money. 

the first place, estimates for twin locks complete (110 1000 ft), 
originally presented the Engineer Department, allowed total 
940000 for these features the work. Subsequent the publication 
those estimates”, extensive model studies were undertaken and new esti- 
mates were prepared. The result was revision upward the estimated 
cost such locks, especially taking into consideration the difficult foundation 
revealed during the construction the new bridges the Cape 
Cod Canal. The increase this part the estimate was 560000, making 
the total estimated cost the twin locks, $11500000. the value 
given the paper. 

The second important feature which resulted marked reduction 
cost estimates for open canal was reconsideration the possibilities 
excavating “in the dry.” careful study earlier data, including the 
paper this subject presented General led the writer believe 
that the excavation “in the dry”, the maximum extent possible would result 
marked savings. The estimates prepared with that idea mind show 
saving the amount 000. 

will noted that the sum the two amounts just mentioned (that is, 
263 000) substantially excess the saving shown for open canal 
according the estimates the paper. Although the figures are not pre- 
cisely the same would found earlier studies, plain that the 
absence these changes the lock canal would have been the more eco- 
nomical the two far first cost concerned, least. 

course, will always impossible test the accuracy the 
mates for the cost constructing twin locks, but readers will interested 
know that the estimated rate savings for excavation “in the dry” has 
actually been realized the work done date (1936). 


Corps Engrs., Army, Boston, Mass. 
House Doc. No. 795, Cong., Session. 
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AMERICAN SOCIETY CIVIL ENGINEERS 
Founded November 1852 


TRANSACTIONS 


Paper No. 1954 


THE ENGINEER AND HIS CODE 


ADDRESS THE ANNUAL CONVENTION, 
PORTLAND, OREGON, JULY 15, 1936 


“The President shall deliver address the Annual 
Convention.” (Society By-Laws, Article Paragraph 2.) 


“The Engineer shall endeavor assist the public arrive 
correct general understanding the technical phases 
questions. shall discourage and challenge untrue, 
unfair, and exaggerated statements technical subjects, especial- 
when such statements may lead unworthy uneconom- 
ical public enterprise.” (Society Code Practice, Part No. 3.) 


Great crises frequently bring into play high ideals and are met great 
sacrifices, even from those from whom such action would least expected. 
the stir and excitement such events the spirits men are exalted 
meet, undaunted, almost any contingency. But when the excitement subsides, 
when the crisis over, the selfish spirit personal advantage returns; the 
love country again becomes subordinated the love self. 

The persistent exercise the higher ideals, basis life and action— 
which often even greater importance than supreme sacrifice the 
continued development civilization—requires continued and unremittent 
effort which human nature, the main, apparently too weak sustain. 
has been said that easier die for one’s country than live 
for one’s country. 

War always seems bring out both the best and the worst the people 
nation. the World War which engaged “to save the world for 
democracy”, hundreds thousands willingly took arms; thousands gave 
their health and their lives; and millions laid aside their own affairs and 
eagerly accepted service for the common good. After the Armistice, many 
these high ideals rapidly faded away; the motive personal advantage 


Hydr. and San. Univ. Wisconsin: Cons. Engr.. Wis. 
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returned almost immediately, often greatly accentuated; action and reaction 
were equal. the back-wash post-war events, the worst frequently came 
the fore; sorrow, suffering, and sacrifice had exhausted the patience and 
forebearance the people many Democracies were born 
and hastily abandoned because they did not immediately entail 
some nations liberty has been destroyed and dictatorships have been estab- 
lished, throwing additional doubts uncertain future. 

our own country, recovery and re-adjustment seemed first 
rapid, but was false recovery, based extravagant hopes and resulting 
speculation. Low moral standards seemed have gained the ascendency 
political, financial, social, business, and, extent, professional life. 
Such low ideals can means entirely attributed the war and its 
consequences for many such ideas antedate that event many years. 

Corporation and financial have been for many decades 
condition. The history many corporations, dating back over long period, 
brought light corporate practices perhaps their worst phases and, while 
the most reprehensible the practices which these organizations were 
erected, have been eliminated, further restraint seems necessary for the wel- 
fare the nation. 

This century, and the closing years the last century, witnessed the crea- 
tion many corporations which times secured such great financial power 
and political control that they were able ride roughshod over the rights 
individuals and communities. The impersonality such corporations has led 
their officials disregard human rights and frequently human laws and 
exercise their powers, the great detriment the nation, ways which even 
the members such corporations would never individuals have desired 
have dared attempt. 

These examples have had depressing effect the ethical standards not 
only those exercising these powers but many business and professional 
men who have been associated with them who have been affected them 
until the “law the jungle” seemed the time have become the rule 
business. 

During this same period, however, there has been development higher 
ideals the thoughts the best professional and business men. The idea 
the necessity “service” sound fundamental requirement profes- 
sional and business activities has become dominant. Many codes ethics and 
rules conduct have been adopted, and although many who have recognized 
the desirability and necessity such codes have not always observed them, 
when they could ignored individual advantage without too severe reac- 
tion, there has been distinct improvement ethical ideals Such codes 
always have been and perhaps always will objective ideals approxi- 
mated nearly practicable, Some the principles declared these codes, 
however, are important that their observation essential common 
decency and honesty, and the lack their observance should disbar the 
offender from his association with honorable men. Such are the principles 
embodied the present code the American Society Civil Engineers. 
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During these last decades the Federal and the State Governments have 
passed regulatory laws and have organized utility, rate, railroad, and trade 
commissions which have been able eliminate many objectionable corporation 
practices, and the way seemed open gradual and satisfactory adjustment 
professional and trade practice. 

The objectionable practices the past, however, under the immediate 
excuse the depression, are the apparent cause the Federal Government 
attempting take over the control the business the country, and are 
the only apparent excuse for the construction competing power plants built 
the Federal Government itself and the Federal financing competitive 
plants constructed municipalities. 

must remembered that these private corporations are organized under 
law. Their securities were issued under the supervision the States, and 
such securities have been sold under the laws the States millions 
innocent purchasers who have had nothing with the management the 
corporations. While the States have made guaranty permanency 
adequate returns investments, they did all intents and purposes guaran- 
tee fair deal and honorable treatment the corporations and the inves- 
tors. cannot maintained that our Government has met these conditions 
any higher ethical plane than that which previously had been used 
business. 

hold brief for those who favor the law the jungle finance, 
business, government, and entirely sympathy with every reason- 
able effort control improper individual and corporate initiative for the bene- 
fit our social advancement. cannot remain neutral when believe that 
recovery would respond immediately the establishment confidence fair 
and equitable governmental control and that under such condition unemploy- 
ment would soon thing the past. 

Many engineers will find difficult square high ideals with conditions 
that now exist with the new doctrine that they are now asked accept. 
Although the very foundation the Engineering Profession based the 
belief that improved production, improved facilities, and new inventions and 
discoveries will add the and welfare the people our nation 
and that such results brought about the engineers the country are 
worthy the highest praise, the engineer now asked believe that, 
the future the road national advancement, happiness, and prosperity 
should, with the single exception power supply, based doctrine 
scarcity and high prices. Under this doctrine the few will profit the 
expense the many, and the unfortunate will without. Under this doc- 
trine who makes “two blades grass grow upon spot ground where 
only one grew before”, condemned rather than praised. Under this 
doctrine the days development are past, and the engineer must confine his 
attention simply maintenance and modification the things that are. The 
doctrine not only destructive engineering ideals, but false and vicious. 
know the engineers the United States, believe do, they will 
not accept this doctrine despair, this principle pessimism. 
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Much still remains done for the further advancement and improve- 
ment our country, for the protection and welfare our people, for the 
happiness and contentment our citizens. The work the engineer not 
completed; shall greater things the future than the past has 
ever known. 

The doctrine plenty needs for its success only adjustment exchange 
and not cessation effort, order that all may benefit. The problem 
exchange can and will solved, and with abundance the needy shall fed 
not the enervating basis charity, except the helpless, but fair 
basis exchange effort that shall arouse feeling manhood and 
womanhood instead apathy and dependence free and self-reliant people. 
There even hope that the principles economics and politics may some day 
better understood and placed uniform, sound, honest, and intelli- 
basis. this doctrine abundance the engineers the nation will 
take their stand. 

Since the birth our nation there has never been time when intelli- 
gence, sound judgment, high ideals, and unwavering stand for honesty, 
fair play, and square deal, have been more needed than present, and such 
ideals and ideas should find their firmest support from the professional men 
our nation. 

The Code the American Society Civil Engineers, which 
effect code laws for the members our Society, and the codes 
most other engineering societies, apply most directly the small percent- 
age engineers general practice, and only remotely the large majority 
the membership. seems highly desirable that code ethics and 
conduct, perhaps advisory rather than mandatory, should adopted which 
will applicable our entire membership. 

code ethics for the Engineering Profession somewhat complicated 
the fact that the profession contains many men who are not engaged exclu- 
sively independent engineering practice nor employed those such 
practice; includes also many engineers public works—Federal, 
State, and municipal—as well those who are officials transportation, 
utility, manufacturing, contracting corporations, who are employed 
such corporations. There are also engineers engaged promotional and 
financial operations. 

The American Institute Architects requires that its members not 
personally interested the building trades under personal obliga- 
tion manufacturers others whose products enter into work under their 
supervision. The American Institute Consulting Engineers requires that 
its members shall independent practice and not connected with 
contracting promotion, except purely advisory supervisory capacity. 

The American Society Civil Engineers cannot limit its membership 
any such manner, many its most valued members comprise not only 
those who are engaged independent engineering work, but also those 
all the various activities just mentioned and various combinations those 
activities and who, the course time, change from one occupation 
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another. Therefore, becomes difficult but even more essential prepare 
Code Ethics which will reasonably applicable the entire fraternity 
engineers. 

Although high ideals are essential moral progress the development 
civilization and for the future welfare the nation and the professions, 
must recognized that such ideals must limited the actual condi- 
tions life. supreme sacrifice possible crisis, but long-continued 
service must involve some consideration the one who serves such service 
self, family, dependents, and the ordinary duties life also primary 
importance practical world. The nice adjustment between service and 
self the real difficulty the way the successful application any 
ethical code. Such code ethics, therefore, should cover far possible 
the bést thoughts the duties the engineer all his activities. The pro- 
fession equally interested the consulting engineer and the engineer 
general practice, and the engineer public works, the service corpora- 
tions, various combined relations, business, expert legal work, and 
the subordinate positions the profession, and also the student who 
intending enter the profession. 

greatly interested the engineering students for they are the 
men who will take the place those whose professional work will soon 
over. They are the men who the future will make the profession great 
they possess great ability and high ideals. The profession owes duty 
these young men see that they appreciate the necessity high attain- 
ments and that they are informed concerning both the privileges and the 
duties our great profession. the present time many these young 
men are leaving their Alma Maters without any information, other than 
technical, their duties citizens and engineers, many are morally 
injured unfortunate associates employment, due their ignorance 
professional ideals. 

The Educational Committee the American Institute Architects 
apparently taking great pains see that the important matters professional 
relations are discussed all architectural schools. While knowledge 
professional ideals great importance all professional students, 
doubly important the student engineering who enter 
profession complicated its manifold relationships. The profession 
owes these young students, the public, and-to the profession itself, 
clear statement the best thoughts and the highest practical ideals concern- 
ing the duties the engineer all his relations life. 

greatest hope that the careful preparation such code the 
opportunity will available for all engineers review frequently the ideals 
their profession and improve their relationships with the public and with 
their fellow engineers and associates; that through the pressure this Society 
and its other co-ordinate societies, understanding these ideals shall 
brought every student engineering; and that ultimately the ideals 
honor, integrity, and dependability shall predominate all the relations 
our great profession. 
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MEMOIRS DECEASED MEMBERS 


CHARLES FREDERICK LOWETH, Past-President, Am. Soc. 


Diep May 15, 1935 


Charles Frederick Loweth was born March 1857, Cleveland Ohio, 
the first son Daniel and Mary Ann Pennington (Brown) Loweth. His 
education included attendance the Bellevue High School and one year, 
1876-77, Oberlin College, Oberlin, Ohio, where took courses the natural 
sciences and mathematics. began his engineering work 1875, the year 
before entered Oberlin, Chainman surveys. 

After his year Oberlin, Mr. Loweth was employed Rodman 1877 
and, later, became Assistant Engineer the construction the Wheeling 
Extension the Cleveland, Tuscarawas Valley, and Wheeling Railway, later 
part the Baltimore and Ohio Lines. this work Assistant the Chief 
Engineer, the late William Warren Card, Am. Soc. E., gained his 
first experience tunnel work. During the year 1878, was employed 
Draftsman the American Bridge Company, Chicago, under 
Hemberle, Engineer. Following that engagement Mr. Loweth was employed 
making surveys for the entrance the Wabash Railroad into Chicago, 
the Chief Engineer, Masten. Then followed 1879 and 1880 ten 
months Draftsman, “designing iron bridge and roof work”, with the Edge 
Moor Iron Company, Wilmington, Del. 

From March, 1880, until May, 1881, was with the Atchison, Topeka 
and Santa Railroad Company, first Draftsman, Topeka, Kans., 
the Department Construction, and, later, the Department Track, 
Bridges, and Buildings. Mr. Loweth arrived Topeka the day after 
George Davison, and both young men started Draftsmen the office 
the late Howard Vernon Hinckley. The late Charles Roy Annan was 
also the same office, and these four formed congenial quartette. Later, 
they all became Members the Society. this group George Davison, 
Past-President, Am. Soc. E., alone survives. 

The following year, 1881-82, when was only twenty-four years age, 
Mr. Loweth was Principal Assistant Engineer, under the late Edward 
Cornelius Kinney, Am. Soc. E., Chief Engineer, the St. Louis, 
Des Moines, and Northern Railway. this position, was charge 
the construction High Bridge over the Des Moines River the line that 
railway. This structure was 2020 long, and 101 above the water. 

May, 1882, became Engineer for Raymond and Campbell, Bridge 
Builders, Council Bluffs, Iowa, and, 1883, Manager the Branch Office 
that firm St. Paul, Minn. This engagement permitted him enter 
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into private practice, and Mr. Loweth became Consultant cities and towns, 
including Mt. Pleasant and Fairfield, Iowa, and Eau Claire, Wis., making 
plans, and reports for water supply and sewerage. was about 
this time that made application for admission the Society was 
elected Junior January 1883. was then twenty-five years age, 
but showed early realization the obligations young engineers their 
profession well the benefits they may gain identifying themselves 
with the national organization connected with it. 

Mr. Loweth continued, from 1883, practice Engineer 
and maintained his office St. Paul from that year until 1901, designing and 
supervising the construction bridges, water-works, and sewerage systems 
for about one hundred municipalities, and for several railroad companies 
with lines extending from Michigan the Pacific Coast. was during this 
period that acted, successively, Chief Engineer the South St. Paul 
Belt Railway Company and the Davenport, Rock Island and Northwestern 
Railway Company, and Consulting Engineer for the Northern Pacific Rail- 
way Company, the Minneapolis, St. Paul and Sault Ste. Marie Railway 
Company, and others. 

going over some Mr. Loweth’s personal files, for the 
superstructure bridge across the Rum River Anoka, Minn., for the 
St. Paul Northern Pacific Railroad Company, was found, written long 
hand that fine penmanship with which all his friends and correspondents 
became familiar. Although this bridge was not major structure, was 
inconsiderable undertaking 1883 for young man, twenty-six years age. 
was span 160 ft. The specifications provided that the design based 
the actual “static weight” and moving load consisting two consolida- 
tion engines weighing tons each, coupled, and followed train weigh- 
ing 3000 per lin ft, the engine wheel loads being applied shown 
diagram introduced into the manuscript, the lettering and drawing which 
look like copper-plate work. This document example the careful 
and painstaking manner which characterized Mr. Loweth’s work from his 
youth the time his retirement, two weeks before his death. more 
perfect examples careful and beautiful draftsmanship can found than 
the drawings some these earlier structures which were very elegantly 
made him personally. worth recording that Mr. Loweth earned the 
money purchase his first book engineering subject chopping wood. 

difficult follow the number engagements that Mr. Loweth ful- 
filled, even list the most important these engagements. was not 
given indulging publicity. However, from such records are available, 
the following examples his work have been selected. 

1885, designed the double-track railroad bridge over the Mississippi 
River, Minneapolis, Minn., for the Northern Pacific Railway Company. 
This bridge had two deck spans 245 each over the river, and approach 
viaduct, 750 long, built curve, the total length the structure being 
1240 ft, with the tracks 101 above the water. The Lafayette Avenue 
Bridge, St. Paul, was built 1887, with roadway wide, the total 
width being ft, and the span, ft. The St. Paul Union Station Train- 
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Shed was built Mr. Loweth’s design 1889. This shed was 190 wide 
and 640 long. The steel trusses were carried two lines columns with 
overhanging cantilevers. 1891, the bridge across the Mississippi River 
between Lyons, Iowa, and Fulton, was completed his design. This 
bridge included five spans ranging length from 200 360 ft, the total 
length the structure, including approaches, being ft, with the channel 
span above low water. May 1895, the highway bridge over the 
Mississippi River, designed Mr. Loweth and built the City Red Wing, 
Minn., was opened traffic. The channel span this bridge was 430 
long and the total length the steel structure, 1725 ft. The channel piers 
were high. the same year Mr. Loweth designed the Mississippi River 
Bridge for the South St. Paul Railroad Company. This was double-deck 
structure with railroad track the upper level and highway floor 
the lower deck. The revolving draw-span was 442 long and the total length 
the steel structure, 633 ft. 

All these structures were completed designs made Mr. Loweth before 
was thirty-eight years age. This indicates the surprising attainments 
young man and the great responsibilities which had 
him. 

1885, bridge was proposed across the Mississippi River between 
Davenport, Iowa, and Rock Island, for which charter was granted 
Congress that year. Mr. Loweth was retained early Engineer for this 
project. seems that there were many difficulties, financial and otherwise, 
which caused the project drag until 1895 when several contracts were 
entered into for the substructure, but work did not actually until 
April, 1896. later substructure contract was made and work resumed 
September, 1896. The contract for the river piers was not made until Septem- 
ber, 1897, after which work the substructure and superstructure proceeded 
continuously until the final completion 1899. This bridge quite notable 
structure having revolving draw-span, 442 long, seven spans over the 
river varying from 200 365 ft. Approaches both sides the river 
were and curves, with 0.6% grade. The curvature caused the bridge 
known the “Crescent” Bridge. This bridge still service and 
used both the Burlington Route and the Chicago, Milwaukee, St. Paul 
and Pacific Railroad Company. has total length 639 ft. 

Mr. Loweth made the design and supervised the construction the bridge 
over the Mississippi River Brainerd, Minn., erected 1898. This steel 
highway bridge included three long span deck trusses and had several unusual 
and original features, such cantilever extensions the 
beyond the single tower bent and beyond the rocker bent the other end 
the third span. From photograph, the spans this bridge are ten 
panels each, and each span probably about 150 long. The expansion and 
contraction the three spans are taken care tall rocker bents carried 
slender masonry piers. 

His noteworthy accomplishments led his being called 1901 
Chicago, Milwaukee, and St. Paul Railway. Company fill the position 
Engineer and Superintendent Bridges and Buildings, succeed Onward 
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Bates, Past-President, Am. Soc. E., who had resigned. Mr. Loweth’s long 
connection with that Railway Company was brilliant one. was 
advanced the position Chief Engineer 1910, upon the retirement 
the late Don Whittemore, Past-President, Am. Soc. held this 
position until, upon his own request, was retired and appointed Consulting 
Engineer, only two weeks before his death. 

During Mr. Loweth’s services with the “Milwaukee”, Engineer and 
Superintendent Bridges and Buildings, and Chief Engineer, great 
variety important undertakings were designed and executed under his 
direction, including new lines, grade reductions, relocations, and double- 
tracking. Some the grading done connection with the double-track 
projects 1912 involved earth quantities comparable volume with those 
handled the Panama Canal. The masonry construction and bridge erec- 
tion were largely done the Company’s own forces under Mr. Loweth’s 
direction, and during the period greatest activity these forces numbered 
more than two thousand men. 

Mr. Loweth was keenly interested the early development concrete 
construction for railroad structures and was one the pioneers the use 
conerete slabs for subways, the track elevation work Evanston, 
also inaugurated the use concrete ballast deck floors early 
1904. Concrete trestle construction and reinforced concrete pipe 
were used him early date, and concrete pipe manufacturing plant 
was established the Company’s Bridge Shop. 

was upon design and replace, for heavier loading, 
bridges across all important rivers the older parts the System well 
new for the Western Extension from Mobridge, Dak., 
the Pacific Coast. These structures included crossings over the Mississippi, 
Missouri, Yellowstone, and Columbia Rivers, well many their 
principal tributaries. 

The location the Coast Extension also required the construction 
number trestles, many more than 200 height, most which have 
floor ballast decks. These trestles aggregate total length three 
miles and their erection during the building the new line developed inter- 
esting and difficult problems for which special derrick had designed 
and built. 

The double tracks and relocation the line through Iowa 1911 1913 
for great number permanent structures, including several rein- 
concrete arches and concrete deck, double-track viaduct, 425 long 
and 145 high, which was probably the longest double-track the 
West when was built 1913. 

After the completion the Coast Extension number the tun- 
nels were given permanent lining concrete, the most interesting example 
which St. Paul Pass Tunnel, miles long, which was done 
Company forces. Much the concrete lining this tunnel was placed 


the process, all the work being done during steam operation 


prior the electrification this part the line. 
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striking example emergency work handled Mr. Loweth was the 
restoration the line Kansas City, Mo., when the flood June, 1903, 
washed ont the west approach the Missouri River Bridge. took 
sonal charge the situation, bridging gap, 1300 long and 100 deep, 
ten days. 

was more than Engineer, frequently being consulted the 
tive Staff, for his wisdom and fine judgment all matters involving both 
legal and engineering considerations. Notwithstanding his arduous duties 
connection with this railroad, Mr. Loweth took great interest all kinds 
engineering and general improvement efforts, devoting his talents especially 
the development City Planning broad topic. attended the 
ings the National Conference City Planning, contributing the dis- 
cussions. One his valuable contributions was his paper entitled, “The 
Place the Railroad City Planning”, presented the Eighteenth 
National Conference City Planning, March, 1926. was Charter 
Member the Chicago Regional Planning Association. 

One Mr. Loweth’s last contributions general engineering and 
great national problem, was paper him entitled, “Some 
Considerations Involved the Construction and Use Inland Waterways 
the United States”. This paper dated July, 1934, but was revised 
him after that date and before was obliged give his active work. The 
material compiled Mr. Loweth this paper tremendous importance. 
Certainly, the statistics included therein show that there serious question 
the economic justification supporting the enormous expenditures 
money raised taxation for questionable benefits the taxpayers large. 

Mr. Loweth’s direction the Society during the year that was Presi- 
dent, and his wise counsel and advice while was still member the 
Board Direction, are preserved the records the Society. Anything 
that affected the standing and welfare this organization was deep concern 
him. His mind was distinctively constructive type. labored 
unceasingly for the advance his profession and for the benefit all 
members that profession. 

The very traits that made him esteemed engineer made him loved 
and admired those who came close personal contact with him. His 
interest civic and church activities was marked his leadership the 
Engineering Profession. His devotion his family surpassed his devotion 
his profession, which seemed those who knew him only professionally, 
the absorbing interest his life. 

Following his death the Board Directors the Chicago, Milwaukee, 
St. Paul and Railroad Company, passed resolution expressing deep 
regret his passing, calling attention his long service with the road and 
stating further: 

“Mr. Loweth’s work was always conducted with great care and skill and 
his life was one conspicuous achievement, marked strict 

the highest ideals. 
“Resolved further that this Board hereby records its deep appreciation 


his keen business ability, splendid character and his long and faithful 
this Company and its predecessor.” 
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Brumley, Am. Soc. E., Past-President the American Rail- 
way Engineering Association, states that: 

“Among the stalwarts who participated the early history the 
was Charles Frederick Loweth. brought the Association thirty 
years accumulated experience railroad and municipal engineering work 
the middle west. This experience was obtained time when precedents 
were few and far between, and when the engineer was placed upon his own 
ingenuity and resources specifications, design, and construction 
procedure.” 

Mr. Loweth was member the American Railway Engineering Associa- 
tion (Treasurer, 1901-1910, and Director, 1911-1912 and 1913); member 
the Western Society Engineers (President, 1908, and Honorary Member 
since 1931) Charter Past-President the Civil Engineers Club, 
St. Paul, Minn.; and member the Engineers Club, Union League, 
and University Clubs, Chicago. 

received the Honorary Degrees Civil Engineer from the University 
Wisconsin, Madison, Wis., 1915, and Doctor of. Engineering from Rose 
Polytechnic Institute, Terre Haute, Ind., 1926. 

was married Wilmington, Del., February 15, 1881, Carrie 
Curtis who, with their four children, Mary Grace, Margaret, Frederick Curtis, 
and Robert Charles, survives him. 

Mr. Loweth was elected Junior the American Society Civil Engi- 
neers January 1883, and Member February 1884. served 
Director the Society from 1910 1912; Vice-President 1914 and 
1915; and President 1923. 


FRANCIS LEE STUART, Past-President, Am. Soc, 


January 15, 1935 


Francis Lee Stuart was born December 1866, Camden, C., 
the son Barnwell Rhett and Emma Croom (Lee) Stuart. Left orphan 
two years age, first lived with his maternal grandmother, who before 
her marriage had been Miss Cooper, Cooperstown, J., then with his 
paternal grandmother, South Carolina, who died when was eleven years 
age. then went live with his uncle, the Reverend Dr. Albert Rhett 
Stuart, Rector Christ Church, Georgetown, 

Mr. Stuart was graduated from Emerson Institute, Washington, 
C., 1882, and entered the service the Baltimore and Ohio Railroad 
Company 1884. During the next thirteen years, had active experience 


prepared Committee consisting George Past-President and 
Hon. Am. E., Chairman, Lincoln Bush, Past-President and Hon. Am. 
E., and George Lucas, Am. Soc. 
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the Baltimore and Ohio and other railroads the East and South, 
Engineering, Maintenance, and Operating Departments, coal mining, and 
public works. 1897, secured position the surveys for the 


raguan Canal and became Assistant Engineer. Upon the appointment of. 


the Isthmian Canal Commission, was sent Nicaragua complete the 
organization for further surveys. 

Returning the United States, Mr. Stuart re-entered the service 
the Baltimore and Ohio Railroad Company and became unusually expert 
location lines. was often called other railroads make recon- 
naissances, examine locations, and report the economics grade reduc- 
tions. was largely responsible for establishing grades lower than 
the Trunk Lines. 

1905, was appointed Chief Engineer the Erie Railroad Company 
and remained that Company until 1910, during its greatest period 
improvement and expansion, which included the four-track open-cut and 
tunnel entrance into Jersey City, J., and re-vamping the station, water- 
front, and terminal tracks, the completion the Erie and Jersey Railroad 
for low-grade freight line, and the building the Genesee River Railroad— 
low-grade cut-off from Cuba, Y., the Buffalo Division through difficult 
country. The improvements also included double-tracking and grade 
tion the Chicago Division, and other Divisions. 

1910, Mr. Stuart returned the Baltimore and Ohio Railroad Com- 
pany Chief Engineer. such was charge the Company’s 


improvement plans, including unusually heavy construction program of~ 


new lines, second-tracking, tunnels, grade reduction, and terminal work, 
until 1915, when resigned devote his time private practice Con- 
sulting Engineer New York, 

During the period was Chief Engineer the Erie and the Baltimore 
and Ohio Railroads, served many technical and terminal committees 
New York and other ports, Chicago, and Cleveland and Cincinnati, 
Ohio, and had part the conception many improvements since made. 

1913-14, designed the Baltimore and Ohio Coal Pier Curtis 
Bay, Md., and took out several patents cover the principal features. 
has two car dumpers ashore, and the coal carried belt and discharged 
into ships either side long pier. has loaded more tons per hour 
than any other coal pier the world and handles material very cheap 
rate. 

From 1915 1917, was busied with varied consulting work. was 
one the three Technical Advisers the War Board the Red Cross 
Washington, engineering capacity. also helped formulate 
standards cantonment houses, barracks, and health methods which were 
adopted the Army camps the War Department. 

1917, Mr. Stuart became Chairman the Terminal Port Facilities 
Committee the Storage Committee the Council National Defense, and 
assisted outlining the plans for handling the Government supplies, from 
point manufacture the United States point distribution 
was also instrumental the location and layout the Army Bases 
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Port Newark Terminal, New Jersey, Philadelphia, Pa., Baltimore, Md., 
Norfolk, Va., Charleston, C., and some interior points. During this time, 
was also member the Depot Board and other Committees the Service. 

Chairman the Budget Committee the United States Railroad 
Administration, with the assistance the Chief Engineers the Baltimore 
and Ohio, the Pennsylvania, and the New York Central Railroads, passed 
the plans, estimates, and reasons for the proposed improvements the 
railroad companies east Chicago, and north Norfolk, and recommended 
the expenditure, through the Regional Directors the Director Capital 
Expenditures, more than $550000000 the $800000000 spent for 
improvements the railroad companies during the World War. 

1920, Mr. Stuart was Consulting Engineer the Power 
Commission Ontario, Canada, the canal from above the rapids the 
Niagara River above the Falls the 600.000-hp power-house below the Whirl- 
pool Some new construction methods and hydraulic improvements were 
evolved, and are serving precedents large undertakings. 

During 1921 was Engineering Expert for the Port Development Com- 
mission Baltimore, and also member the Technical Advisory Board 
the Port New York Authority, consideration the many plans 
for the development New York Harbor. About this time, the Cunard 
Steamship Company proposed $50 000 000 development south Weehawken, 
J., and Mr. Stuart was retained Consulting Engineer. 1923, was 
member the Transit Advisory Board Philadelphia, Pa., and made 
report rapid transit matters that city. 

From January 1923, December 31, 1926, was retained 
trunk-line railroads which serve the Port New York, report trans- 
portation matters that Port they affected the railroads collectively and 
individually before the New York Port Authority. During that time made 
joint study with the Port Authority and the forces the railroad companies 
lighterage and floatage methods and costs. also was Chairman the 
Committee Engineers all the railroads entering New York City, make 
joint study the co-operative use facilities. During 1927 was retained 
the eleven trunk-line railroads New York City Consultant Port 
Authority matters. 

During 1924-25 Mr. Stuart was Consulting Engineer the Greater Harbor 
Committee Two Hundred the Los Angeles, Calif., Chamber Com- 
merce. The plan made was adopted the Government, the railroad 
companies, and the City. 

was member the Board Review the Sanitary District 
Chicago the Lake Leveling Controversy and Remedial Program, 1924, 
and was Chairman the Committee the Value Diverted Water for 
Transportation from Lake Michigan the Gulf Mexico. was also 
member the Committee Great Lakes Regulation. 

From 1920 the time his death, Mr. Stuart was Consulting Engineer 
the North River Bridge Company, which proposes bridge 250-ft span 
57th Street, New York City, across the Hudson River, which, with the 
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approaches, estimated cost $180 000 000, and also proposes large 
projects both ends the bridge and changes the present method 
handling rapid transit and freight New York City. Many plans 
ments transportation New York Harbor have been considered, one 
time, Committee the Chief Engineers the Trunk-Line Railroads, with 
the North River Bridge Company, developed plan for bringing freight cars 
across the bridge and distributing them through continuous seven-story 
warehouse from 57th Street Chambers Street. 

From 1915, practically the time his death, except during the World 
War, was Consulting Engineer for several railroad companies. 
Consultant, also gave counsel many different projects widely separated 
fields endeavor. 

Mr. Stuart was married March 18, 1901, Anne Morson Rives, when 
was Western Pennsylvania building railroad over the mountains 
get out coal. Their home was, successively, Cumberland and Baltimore, Md, 
and Essex Fells, J.; then back Baltimore and, finally, Essex 

They had four daughters, Anne Morson (Mrs. Sayre), Lee (Mrs. 
Sayre), Elizabeth Scott (Mrs. Whelan) and Rives James 
Newall) all whom, with Mrs. Stuart, survive him. Two sons were bom 
them, who died infancy—Francis Lee Stuart, Jr., born 1907, and 
Barnwell Rhett Stuart, born 1910. 

Mr. Stuart was fond engineering problems, but when need relaxa- 
tion resorted golf and the study and practice horticulture, importing 
and planting many trees and shrubs. gave the Borough Essex Fells 
large collection trees and shrubs. 

loved people and was rarely heard speak uncharitably any one, 
and then always citing extenuating circumstances could think any. 

The quality Mr. Stuart’s achievements speaks more for the character 
the man than their number, great is. entrusted with the execu- 
tion great enterprises acknowledgment merit, and where the enter- 
prise has been initiated such executive, undertaken largely through 
his endorsement, the honor indeed great. this light that they must 
viewed. Mr. Stuart was progressive and extended all the activity 
which entered. Bereft both parents the age two, and without the 
advantages professional education beyond the age seventeen, must 
perforce have been endowed with very superior qualities. 

was analytic, ingenious, and had very unusual clarity vision, which, 
combined with his absolute honesty, led his frequent engagement for investi- 
gations and reports large financial problems. was these qualities 
doubtless, which determined his selection Chairman the Budget Commis- 
sion the Eastern Railroads during the World War. 

His inventions methods handling coal and freight terminals 
simplified that work, and his engagement the solution many 
railroad and harbor terminal problems testified his pre-eminence 

Mr. Stuart’s cheerfulness was proverbial. was optimist and carried 
the air cheerfulness and optimism wherever went. 
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One his contemporaries, John Greiner, Hon. Am. Soc. E., 
writes him, follows: 

first met the late Francis Lee Stuart when was office boy the 
Consulting Engineer’s Office the Baltimore Ohio Railroad, back 1885. 

“He was very handsome, attractive and ambitious boy with keen sense 
humor and desire for adventure. His personality that time caused 
everybody like him, and that same personality and liking were retained 
him throughout his career. always had original and big ideas ques- 
tions railroad locations and terminal improvements, and could see further 
into the future than most the other railroad officials with whom worked. 

followed his career since his boyhood days and have never heard any 
man who, after meeting him either business matters socially, had retained 
any feeling except confidence his ability and fair dealing, and desire 
his friend. 

“He could not help becoming prominent, nationally known, successful 
engineer, and was his lovable personality just much his broad- 
minded engineering ability which contributed his successful career.” 

While living Baltimore Mr. Stuart became President the Engineers 
Club, member the Maryland Club, and the Elkridge Kennels. While 
living New Jersey, became President the Country Club Essex Fells 
and Charter Member the Fells Brook Club that place, and the Engi- 
neers Club, Roslyn, Long Island. During the World War joined the 
Chevy Chase Club, Washington. was Chairman the Building Com- 
mittee for Yeaman’s Hall, club fifteen miles from Charleston, C., which 
was built tract land first owned Sir Thomas Yeaman—his ancestor. 
was member the South Carolina Historical Society, the Southern 
Society New York, the Engineers Club Philadelphia, and the Engineers 
Club New York. 

His connections with professional societies included the following: was 
Past-President the United Engineering Trustees; member Engineer- 
ing Foundation Board; the John Fritz Medal Board; American Engineering 
Council; American Railway Engineering Association; Past-President 
the Terminal Engineers New York; member the Institution Civil 
Engineers Great Britain, and the Engineering Institute Canada. 

Mr. Stuart was elected Member the American Society Civil Engi- 
neers May 1899. also served Director the Society, from 1909 
1911; Vice-President, 1920 and 1921; and President, 1931. 


PALMER CHAMBERLAINE RICKETTS, Hon. Am. Soc. 


Diep 10, 1934 


Palmer Chamberlaine Ricketts was born Elkton, Md., January 17, 
1856, the son Palmer and Elizabeth (Getty) Ricketts. When was 
young boy, his parents moved Princeton, J., and there prepared for 
college, studying with tutor from Princeton University. 
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his course Rensselaer Polytechnic Institute, Troy, Y., 
Ricketts was truly plodder and most successful one, his official records 
there testify. was absolutely faithful his attendance, never wilfully 
recitation, and always time and ready recite. was well 
liked his classmates; but being constantly occupied with his studies, 
failed make many acquaintances outside his Class. did not play 
politics”; but Class matters always did his part. was not 
until after graduation that his great popularity began develop and 
tually attain what large number his friends deem absolute 
uniqueness. 

Mr. Ricketts was graduated from Rensselaer Polytechnic Institute 
June, 1875, and the following September returned Instructor 
Mathematics and Astronomy. 1882, was made Assistant Professor 
Mathematics and Astronomy, and, two years later, became the William 
Howard Hart Professor Rational and Technical Mechanics, taking the 
place the late William Hubert Burr, Hon. Am. Soe. E., who 
passed the beyond only two three days after the death Professor 
Ricketts. 

Recognizing the necessity for practical experience the engineering field, 
Mr. Ricketts sought and obtained soon after his graduation, 
becoming widely known efficient and successful engineer charge 
the design and construction both bridges and works. 

1876, was named Assistant Engineer with the Troy and Boston 
Railroad Company; and, 1887, became Consulting Bridge Engineer 
the Rome, Watertown, and Ogdensburg Railroad Company, besides handling 
numerous small constructions various kinds the vicinity Troy. His 
outside duties did not take him far from there, because would not let 
them interfere with his pedagogical work. 

1892, Professor Ricketts, the age 36, became Director the 
Institute; and, 1901, upon the death President Peck, the two offices were 
combined, Professor Ricketts becoming both President and Director, posi- 
tion which held until his death. 

1904, the Institute consisted only few scattered buildings, with 
the main building the site the present approach steps; and the number 
students was quite limited. The present stately campus with its ten 
splendid main buildings, its dormitories, and club houses, the magnificent 
approach from Broadway, its many hundreds students from the United 
States and from numerous distant lands, and its imposing list Faculty 
members, was not even dreamed of. The great changes that have taken 
place the last three decades are almost entirely due the boundless energy 
and the indomitable perseverance Director Ricketts. 

1904, there fell upon Rensselaer what appeared terrible 
trophe, but which proved blessing disguise. The Main Building 
the head Broadway burned the ground, leaving few small struc 
tures, which had outlived their usefulness, all that remained the 
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Institute. There were rumors the effect that would have moved 
from Troy merge with some other school. Director Ricketts held long 
conference with the late Robert Woolston Hunt, Am. Soc. E., man 
great prominence the world steel, and then went interview Andrew 
whom persuaded into giving for building; and soon 
thereafter induced Mrs. Russell Sage donate memorial 
her deceased husband. There was also considerable insurance money from 
the burned building. 

fitting appreciation his character and succeeding accomplishments 
the Institute was presented the January, 1935, Rensselaer Alumni News. 
Quoting from this splendid tribute: 


“When June, 1904, the old Institute was practically wiped out the 
destruction its main building the head Broadway, only the personality 
Director Ricketts stood between its historic past and dissolution. With 
enthusiasm and zeal, born whole-hearted devotion, took the Her- 
culean task rebuilding truly great institution upon its ashes. 
the hearty co-operation interested Alumni and tapping the sources 
wealth which had devoted themselves the development higher education, 
visioned anew the dreams the earlier promoters, the hopes his prede- 
cessor, Dr. Franklin Greene, had for true polytechnic, and enlarged that 
vision with new and higher impulses that welled within himself. Step 
step through three decades brought project after project fruition, 
erected and equipped one modern laboratory and campus structure after 
another, until the Institute complete all its ramifications and depart- 
ments encompassed the field modern science and engineering. Living 
the ripe age almost years, has seen brought reality the full 
measure his vision greater Rensselaer Polytechnic Institute, with 
physical property more than $10 000 000 valuation, complete re-organiza- 
tion homogeneous departments, and faculty and student body more than 
five times what they were thirty years ago—his own pride, and himself 
recognized peer the scientific-education world. 

“The Director made Rensselaer Polytechnic Institute his life work, with 
singleness purpose and devotion such has seldom been exemplified. 
stands to-day personal monument his wisdom, his scholar- 
ship, and his executive ability. 

“Personally disliked the term ‘genius’; and yet his life experience 
demonstrated all the qualifications genius his chosen field. The motto 
which set for himself and for the thousands students from all parts 
the world who came under his direction and all-embracing personal interest, 
was ‘work.’ demonstrated this with energy that was tireless and 
unflagging, even with the passing years, with capacity that indicated 
quick grasp the essential, with broad-minded appreciation the range 
the human mind, and with incisiveness and insistence that never 
brooked failure. won the esteem, the confidence, and the friendly appre- 
ciation all with whom came into contact, and with none more devotedly 
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than the Alumni who, during many decades, came under his direct and 
impelling influence. 

“Although the Director counted honors lightly comparison with con- 
crete accomplishment, was accorded several honorary degrees, was promi- 
nent figure many distinguished engineering societies, was often sought 
consultant notable bridge and other engineering projects, and had 
conferred upon him the titles Commander the Order the Crown 
Italy and Commander the Legion Honor France. took deep 
interest both civic and educational affairs his adopted city, which 
enjoyed devoted home life, and served Trustee Director educa- 
tional, charitable, and financial institutions. 

“Dr. Palmer Chamberlaine Ricketts left the impress unusually able 
and unique character upon the institution which made fully his 
own, and the community which cast his lot and performed truly 
great life work, the influence which will remain 

“As Director Ricketts’ position the world science and engineering 
grew importance, was honored many fields. 1905, Stevens Insti- 
tute Technology conferred him the honorary degree Doctor Engi- 
neering, and, 1911, was given the degree Doctor Laws 
New York University. 

“Although confined his activities almost exclusively the Institute, 
was accorded national and international distinction because his educa- 
tional achievements. Upon him was conferred the rare tribute Honorary 
Membership both the American Society Mechanical Engineers and 
the American Society Civil Engineers. was also member 
the American Institute Mining and Metallurgical Engineers, the Insti- 
tution Civil Engineers Great Britain, and the American Philosophical 
Society. 

“His ‘History Rensselaer Polytechnic Institute’ and his contributions 
technical journals won him wide recognition engineer and author. 

“Always intensely interested civic affairs and business life, Ricketts 
was Director the National City Bank Troy, Director and member 
the Executive Committee the Samaritan Hospital; Trustee the 
Albany Academy; Trustee the Dudley Observatory, Albany; and Trustee 
and Vice-President the Troy Public Library. 

“He was member the Troy Club, the Union Club New York, and 
the Schuyler Meadows Country Club Albany. politics, 
was independent, never becoming affiliated with any party. 

“On November 12, 1902, married Vjera Renshaw, Baltimore, Md. Mrs. 
Ricketts, brother, and sister are the only immediate family survivors.” 


The funeral services Director Ricketts, held the Institute grounds 
December 13, 1934, were character befitting man his world promi- 
nence. leaders from most the principal institutions 
learning the East, engineers whose names are universally famous, business 
men, graduates, students, and former friends, came pay their last respects 
and homage the memory one America’s truly great men. 


life 
witho 
quick 
fine 
outst 
the 
been. 
disci 
less, 
thei 
mat 
the 
stu 
has 


MEMOIR PALMER CHAMBERLAINE RICKETTS 1501 


Director Ricketts will greatly missed all the Alumni, and this will 
true for many years come—but why moura him? had lived full 
life and had almost reached the Biblical extreme age limit four score years, 
without any manner losing his splendid mental faculties. passed 
quickly the zenith his career, ‘instead failing health and 
gradually losing his mental grip. far better remember the gloriously 
fine fellow, the eminently useful citizen, the noted and honored scientist, the 
outstanding technical teacher, the kindly and courteous gentleman, and 
the brilliant man affairs that was, instead thinking him “has 
been.” his passing, the Engineering Profession has lost one its most 
prominent and respected members; for was, every sense the words, 
great man, true gentleman, and famous engineer—than which there 
could higher praise. 

Director the Institute, Dr. Ricketts was certainly 
disciplinarian—he had such order compel obstreperous students 
obey the rules the campus, maintain the high standard scholarship 
which Rensselaer has enjoyed throughout its long career, and keep peace 
between “town and gown.” Although times had severe, neverthe- 
less, was universally conceded strictly just and reasonable, well 
the students’ best friend—always ready devote time and attention 
their needs, steer the wanderers back the path rectitude, and help 
materially all who were worthy his assistance. The indubitable proof 
the correctness this statement was his universal popularity among the 
students, the Alumni, and the Faculty the Institute, well the citizens 
Troy. 

His outstanding generosity the spending his income both for needy 
students and aiding the Institute carry during the long existing 
depression matter that, his desire, has been kept confidence. 
has been talked of, especially among the Alumni, but has not been 
mentioned print. 

spite having earned the Institute the reputation being 
rather retiring disposition, eventually Professor Ricketts developed, 
socio-scientific sense, into one America’s most prominent men affairs 
the field engineering education. 

conclusion, the writer desires say few words about his old friend 
and classmate. Not only did hold him the highest esteem for more 
than half century, but truly loved him—and the affection was recipro- 
cated. When comes the writer’s turn pass on, will quite content 
can count even one-tenth many true, loyal, and devoted friends 
did Palmer Chamberlaine Ricketts. 

Director Ricketts was elected Affiliate the American Society Civil 
Engineers February 1886; Member October 1887; and 
Honorary Member October 1931. served Director the 
Society from 1899 1901, and Vice-President 1916 and 1917. 
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JONAS WALDO SMITH, Hon, Am. Soc. E.* 


Diep 14, 1933 


Jonas Waldo Smith died sudden heart attack his home New 
York City October 14, had not been good health for several 
months yet, characteristically, the moment his death was preparing 
the golden wedding celebration life-time friend and associate 
his early days Holyoke, Mass. His remains were interred the family 
plot Lincoln, Mass., cloudless day amid the gorgeous foliage autumn 
and, one stood beside the grave, seemed though Nature had bedecked 
herself for the ceremony taking back that which she had given. 

Waldo Smith, always subscribed himself, was born Lincoln, 
Mass., March 1861. was the youngest son Francis and Abigail 
(Baker) Smith. his father’s side his ancestry goes John Smith, 
who came Watertown, Mass., from England freeman 1636. 
his mother’s side the line goes John and Elizabeth Baker who came 
America about 1720. From these roots inherited those inherent qualities 
intellect, courage, honesty, and sincerity which shaped his life and 
him not only man among men, but leader and counselor them. 

the age 15, Waldo Smith helped the construction the water 
supply system his home town and, 17, had charge its Pumping Station 
Fireman, Engineer, and Superintendent. attended the public schools 
and, when years old, entered Phillips Academy, Andover, Mass., from 
which was graduated the Scientific Course 1881. Thereafter, went 
Lawrence, Mass., and was employed the Engineering Department 
the Essex Company. came into contact with those 
hydraulics—Hamilton Smith, Jr., Mills, Boyden, Davis, Francis, Storrow, 
Herschel, and Freeman—and was inspired further study the Massachu- 
setts Institute Technology, from which was graduated 1887. During 
his summer vacations, worked for the Holyoke Water Power Company and, 
for three years after graduation, continued under the same egis and under 
the influence the men previously mentioned. These were the formative 
years his life. From the living examples before him learned the neces- 
sity for care and precision and the importance research and experiment 
but, even more significantly, also came understand that human rela- 
tions ranked least equally with those nature. was 
that the traits his ancestry came bloom the environment his younger 
days and out them grew the man scientific vision and human 
understanding. 

1890, great water development was projected the rapidly growing 
district Northern New Jersey, and the late Clemens Herschel, Past-Presi- 
dent and Hon. Am. E., who was charge these operations called 


1 Memoir prepared by Thaddeus Merriman, and Frank E. Winsor, Members, Am. Soe. 
C. E., and Robert Ridgway, Past-President and Hon. M. Am. Soc. C. E. 
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young Waldo Smith his aid. Thus began his association with the East Jersey 


Water Company where learned the art and business water supply from 


the standpoint construction well from that the maintenance and 
operation the works which delivered the water the ultimate consumer. 
the field construction was engaged the building the Oak Ridge, 
Canistear, Clinton, Macopin, and Great Notch Reservoirs and the laying 
the main lines steel pipe, and in. diameter, for conveying 
the waters these reservoirs the City Newark, Then, 1900, 
Chief Engineer the East Jersey Water Company and its affiliated 
companies, the supplies Paterson, Passaic, Montclair, and other com- 
munities New Jersey. Soon thereafter became evident that the raw 
water delivered the Little Falls Pumping Plant direct from the Passaic 
River was rapidly becoming unsuitable for use, and that remedy for the 
situation must found. This condition led the construction the Little 
Falls, J., Filtration Plant which the model and the forerunner that 
great host similar works which have since given the people America 
the best and most potable water supplies earth. The Little Falls plant 
was due the inspiration, the logic, and the insistence Waldo Smith, 
and the aid George Fuller, William Fuller, Charles Parme- 
lee, and others, all whom would give due credit were this writing his 
own. 
Early 1900, the interests which Mr. Smith represented undertook 
complete the system that had been proposed for the supply Jersey City, 
This project included the Boonton Dam, masonry structure, 3150 
long and 150 high, and aqueduct cut-and-cover sections, tunnels 
and 72-in. steel pipe passing under the tidal waters the Hackensack and 
Passaic Rivers and aggregating miles length. The Boonton Dam was 
one the notable structures its day. was the first dam built “cyclo- 
pean concrete” all American-made Portland cement. Here thermo-couples 
were first installed for measuring the internal temperatures the masonry 
and here was constructed the first hydraulic model which there record. 
This model the spillway was tested, and the design the final structure 
was based upon the results obtained from it. The Boonton Dam was also 
notable that the water impounded was treated with chlorinated lime 
before being delivered into the aqueduct. Jersey City thus became the first 
American municipality enjoy sterilized water. 

During the years 1890 1903, Mr. Smith, while occupied the various 
undertakings outlined, never lost opportunity for study, for research, 
for investigation. constantly experimented with his structures and sub- 
jected them frequent operating trials. tested the materials construc- 
tion and observed their behavior. Always had mind that improvement 
was possible, and that each succeeding construction should better than the 
last. his efforts; shirked neither responsibility nor 
danger. During the great flood October, 1903, the Passaic River, 
took personal charge the Little Falls Pumping Station which the flood 
threatened destroy. With few men inside that structure, while the 
waters rose high against and around it, strutted the walls prevent their 
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collapse. Had those walls failed there would have been escape, but the 
station was saved and the pumps ran on. 

This period intense activity and achievement marked the second phase 
Mr. Smith’s development. The teachings had learned and the character 
had formed during his earlier days New England grew and ripened 
and the Man was shaped his own effort, his with men 
affairs, his constantly increasing responsibilities, and his continued 
study the human heart. was thus growing stature his reputation 
was increasing day day while constantly made friends his associates 
and endeared himself all with whom came contact. 

1903, the water situation the rapidly growing City New York had 
become most difficult, and the Metropolis, confronted with the gravest 
problems, sought the solution engaging Waldo Smith Chief Engineer 
its Aqueduct Commissioners. From the beginning showed his quality 
infusing, new life into situation which had practically reached 
impasse. quickly decided the questions which were delaying the operations 
the New Croton Dam, then the largest masonry dam the world; 
resolved the difficulties which surrounded the Jerome Park Reservoir and 
the Muscoot Dam, and put the design for the Cross River Reservoir under 
way. Here, new environment and under public auspices totally different 
from those the private enterprises with which had been previously 
associated, showed such high technical skill and administrative ability 
coupled with such indomitable energy that, through his keen grasp the 
human factor life, was able accomplish results and have his deci- 
sions accepted and respected all. 1905, when the City 
New York needed man direct the destinies its Catskill Water Supply 
System, the choice naturally fell Waldo Smith, and, August that 
year, was designated Chief Engineer the greatest and the most 
costly water supply undertaking which, that time, had been conceived. 

Entering upon that great task did with energy and determination, 
but with the future always view. Around him gathered group 
men upon whom could rely. The work, knew, was far beyond the 
capacity any individual, and his immediate staff was augmented 
number Consultants that every detail would made nearly perfect 
humanly possible. Waldo Smith was always the first give credit his 
associates, fondly called his staff, and, therefore, would not approve 
this memoir were their names not mentioned. Deputy Chief Engineer 
there were, from time time, Charles Harrison, Merritt Smith, Alfred 
Flinn, and Thaddeus Merriman. Department Engineers, there were 
Carleton Davis, George Honness, Robert Ridgway, Ralph Wheeler, 
Frank Winsor, William Brush, Walter Spear, and Charles 
Clark. The Senior Designing Engineer was Thomas Wiggin. The Con- 
sulting Engineers were John Freeman, Frederic Stearna, William 
Burr, Alfred Noble, Allen Hazen, and George Fuller. There was also 
group Consulting Geologists, James Kemp, Crosby, and Charles 
Berkey, whose duty was advise the geological features the 
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terrain which the structures were built and through which the tun- 
nels would pass. Waldo Smith was foremost among American engineers who 
felt and understood the need for close co-ordination between the scientific arts 
geology and engineering. 

important part his philosophy Waldo Smith held that the rela- 
tions between the Engineer and the Contractor were those men associated 
common enterprise. often said: “The Engineers and the Contrac- 
tors this work are partners. must work together. must respect 
each other’s opinions and fair one another that when the work done 
will credit everybody well the City.” infused this spirit 
his men and into those directly engaged the construction with the 
result that both Contractor and Engineer all strove together, each helping 
the other, give the “job” the best they had. The idealism Waldo 
Smith was based truth, honesty, fairness, and his abiding faith 
the loyalty men. 

The preliminary plans and estimates for the Catskill System were com- 
pleted within two months after his appointment Chief Engineer. Then 
followed period careful planning and sub-surface investigations that, 
Mr. Smith said, “both and the contractors may know all about the work 
before begun.” The first contract was let the spring 1907, and 
water was delivered the city from the Esopus development 1915. The 
second part the System, comprising the Schoharie development, was com- 
pleted 1926. the meantime, 1922, Mr. Smith retired Chief Engi- 
neer, but continued the capacity Consulting Engineer his last day. 
His great love was the Catskill Water System and those who worked with 
him. gave and them all had and was happy see its 
conclusion. 

felt, however, because the large growth population from 1900 
1930, that this System was not sufficient for city great New York, 
that provided too small margin safety, and that the only way 
putting the water supply the city sound basis was increase 
developing new source. The best the possible supplies available was the 
Delaware, but, the waters this river were interstate between New York, 
New Jersey, and Pennsylvania, the line approach presented difficulties 
unusual kind. was Mr. Smith’s firm belief that there was reason 
why the situation could not fairly composed, because the other States, 
sooner later, would need Delaware River water for themselves and also 
because the plan New York, looking did equitable apportion- 
ment, was fair, just, and reasonable. Beginning 1921, with the hearty 
co-operation the Commissioners the Board Water Supply, which 
Mr. George Gillespie was President, the late Mayor John Hylan, and 
Governor Alfred Smith, the establishment compact commissions 
each the three States was consummated. Mr. Smith was designated 
Engineer the New York Commission, and the three Commissions early 
1923 unanimously agreed form compact under which the waters 
the Delaware River might used each the three States. This form was 
approved New York State; but failed the other States. 
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Nothing daunted, the attempt reach conclusion was continued and, 
January, 1925, the Commissions once more unanimously agreed second 
form compact, but history repeated itself, and the outcome the 
tures was the same 1923. the meantime, the situation was growing 
more acute and seemed clear that early provision should made for 
additional supply water. The City then, 1927, the Hon. 
Walker being Mayor, formally approved plan for utilizing these Delaware 
waters. New Jersey thereupon sought enjoin the project through 
original action the Supreme Court the United States, while the Com- 
monwealth Pennsylvania intervened pro interesse suo. The issues were 
finally joined 1929. Hearings before Special Master were held 1930, 
and the decision the Supreme Court was handed down May, 1931. This 
momentous decision written the late Mr. Justice Holmes established 
new doctrine relating the use interstate waters. Wrote Justice Holmes: 


life that must rationed among those who have power over it. New York 
has the physical power cut off all the water within its jurisdiction. But 
clearly the exercise such power the the interest lower 
States could not tolerated. And the other hand equally little could 
New Jersey permitted require New York give its power altogether 
order that the river might come down undiminished. Both States 
have real and substantial interests the River that must reconciled 
best they may be. The different traditions and practices different parts 
the country may lead varying results but the effort always secure 
equitable apportionment without quibbling over formulas.” 


Thus was the judgment and foresight Mr. Smith confirmed, and so, out 
the facts, did new principle the common law arise. 

This memoir cannot attempt describe the Catskill System, which was 
part and parcel Mr. Smith’s very life. That has been done many papers 
many authors, but essential that few the important developments 
technical progress which grew out this work should stated briefly 
record for posterity read. the largest sense they were the work 
Smith, because the continual support, encouragement, and recognition 
gave his men. While constantly urged them newer and better 
things, his marvelous insight enabled him rule out the chaff and few indeed 
were the innovations approved that were not successful. 

First, should mentioned the deep pressure tunnels and particularly 
that which passed 1100 under the Hudson River. tunnels such size 
and operating under great head had previously been built. Equally note- 
worthy was the 18-mile City Distribution Tunnel, far below sea level, passing 
directly beneath the city and delivering its water through shafts into the 
distribution mains. 

Second, was the use the Olive Bridge and Kensico Dams expansion 
joints with copper cut-offs, drainage wells, and inspection galleries. 
previous dam had these features. 

Third, was the consolidation grouting under pressure with Portland 
cement the foundations all the dams well the linings all the 
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shafts and tunnels. may said that the modern art grouting was 
developed under the direction Waldo Smith. 

Fourth, the use bronze for all important valves and operating parts 
all the dams and along the aqueduct. The pressure-reducing needle-valves 
the Ashokan Reservoir and the riser valves and their control mechanisms 
the City Tunnel, were all new and novel and involved special develop- 
ments design and the art bronze manufacture. 

Fifth, the compressed lead joints the flexible jointed pipe under The 
Narrows from Brooklyn Staten Island. 

Sixth, the beginning 1912 research program looking toward 
determination the reasons for the deterioration Portland cement concrete. 
This work being continued. 

Seventh, the adoption Portland cement mortar interior lining 
for steel pipes large diameter, together with the correlative outer concrete 
support for holding the pipes true form. 

Eighth, the use models for many purposes, including stress determina- 
tions, behavior, and other related phenomena. 

Ninth, the form contract specifications which divided the work into 
many definite items present the contractor complete picture 
the work possible—included under this heading was the prescribing 
fixed and definite payment lines based previous actual experience. 

Many other items could mentioned, but these must suffice. Mr. Smith 
was man natural research instinct and, because his understanding 
hydraulics and the behavior flowing water, the details the great 
system whole were always the forefront his mind. 

The Catskill Water System was inaugurated and begun during the admin- 
istration Mayor George McClellan, whose term office was from 1904 
1909. There had been great objection this project the New York 
Legislature and Mayor McClellan led the fight its favor almost single- 
handed. interest, therefore, note what said dinner given 
June 27, 1922, mark the retirement Mr. Smith from the position 
Chief Engineer: 

“The task that was mine was appeal from Pilate create 
public opinion strongly favor the right existence the people 
New York force partisan legislature very shame and self-defense 
grant the legislation required. should not have had the courage 
carry the fight through had not been for the constant help and encourage- 
ment, the professional knowledge and the technical skill, the friendship and 
the sympathy Waldo Smith. 

“Immediately after became Mayor met the Chief Engineer the 
Croton Aqueduct Commission Smith then was, and found that develop- 
ing the new Catskill Water Supply project was just the needed. 
soon learned understand each other and work together, that 
ever since the Catskill project has been for nothing but the concrete 
expression the personality and the genius Waldo Smith. 

“When reluctant legislature had given our needed legislation 
and when the commission had taken office, matter course Waldo 
Smith was appointed Chief Engineer. And such has remained until 
today, increasing always the respect his subordinates, the affection 
his friends and the confidence the public.” 
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Following his resignation Chief Engineer 1922, Mr. Smith 
tinued Consulting Engineer the New York Board Water Supply. 
also served the same capacity for the Metropolitan Water District 
Boston, Mass., its new development the Ware and Swift water-sheds 
and, among others, gave advice and counsel the Cities Philadelphia, 
Pa., Providence, I., San Francisco, Calif., St. Louis, Mo., Hartford, 
Baltimore, Md., Kansas City, Mo., Kingston, Y., Asheville, Van- 
couver, C., Canada, and Havana and Santiago, Cuba. was also 
Consulting Engineer the Moffat Tunnel, Colorado. 


April 17, 1918, the John Fritz Medal was conferred Mr. Smith, 
“for achievement engineer providing the City New York with 
supply water.” Commenting this award Engineering News-Record, 
its issue April 25, 1918, under the editorial caption “J. Waldo Smith, 
Human Engineer”, stated: 


“With utter modesty and self-effacement the recipient the John Fritz 
medal last week brought out, the previous speakers had failed do, 
the chief reason for rejoicing that should have been chosen for the highest 
honor possible for American engineer. found the fact that Waldo 
Smith never misses opportunity share his laurels with his subordinates. 
did not forget them the occasion his designation the fourteenth 
receive this emblem high engineering achievement. asserted that 
would presumptuous for him assume that the award was based his 
individual work; and told the ability and esprit corps that had charac- 
terized his organization throughout. True enough, the spirit the Catskill 
organization far famed; but Waldo Smith responsible-for that spirit, 
and without the ability his staff would have counted far less.” 


the Annual Meeting the Western Society Engineers 1925 the 
Washington Award that organization was bestowed Mr. Smith these 
words: 

“For Preeminent Services Promoting the Public Welfare and for the 


Rare Combination Vision, Technical Skill, Administrative Ability and 
Courageous Leadership Engineering.” 


Columbia University conferred him 1918 its honorary degree 
Doctor Science and that same year there came from Stevens Institute 
Technology the honorary degree Doctor Engineering. 

Mr. Smith was member the American Society Mechanical Engi- 
neers, the Institution Civil Engineers Great Britain, the American 
Institute Consulting Engineers, the American Public Health Association, 
the New Jersey Sanitary Association, the American Water Works Associa- 
tion, the Boston Society Civil Engineers, the New England Water Works 
Association, the Chamber Commerce the State New York, the Muni- 
cipal Engineers New York City, and the Franklin Institute 
vania. was also member The Century Association, the Technology 
Club, and the Engineers Club, all New York. 

Mr. Smith was elected Associate Member the American Society 
Civil Engineers October 1892, and Member April 1899. 
served Director from 1906 1908, and Vice-President 1913 and 
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October 1928, was elected Honorary Member the Society 
and, the Annual Meeting January, 1929, was presented for the award 
the late Clemens Herschel, Past-President and Hon. Am. Soc. 
Among others, Mr. Herschel used these words: 


“But there another feature the work Waldo Smith for New York 
City, peculiar gratification who contributed it, transplanting 
him into this vicinity. the sterling honesty purpose and action 
with which his public work has invariably been conducted. has left 
broad trail ability, efficiency, and duty well done public work, 
New York City; environment which tests its engineers though fire, 
not only technical integrity, but also great steadfastness character 
and upright action.” 


Mr. Smith contributed many discussions the Proceedings and Transac- 
tions, and served the Society many diverse ways committees and 
representative many occasions. 

The following paragraphs are from News-Record, 
October 19, 1933: 


“Mr. Smith’s exceptional abilities and character are reflected more ade- 
quately the following words, written the request Engineering News- 
Record one his intimate friends, associated with his work for many 
years past: 

“Tt seldom possible from categorical recital the accomplishments 
individual glean anything the true inwardness the man. 
Every normal person admires success and feels respect for him who has 
earned it. The winning distinction significant greatness and 
quality. But from what roots does greatness spring and wherein lies its 
writing these words because you have asked out 
long friendship and love for Waldo Smith analyze, best may, the 
reasons for the fulness his life and the great measure distinction 
achieved the hearts and minds all with whom came into contact. 
And this most fitting because Waldo Smith fully much any engineer 
the period exemplified the highest ideals the profession. His mind and 
heart were book open his office door, which was never closed. Nothing 
was ever said done that office which could not have been shouted from 
the housetops. His door was always open those who came and previous 
appointment was needed. 

from long New England ancestry, inherited those qualities 
fairness, economy and rugged honesty which controlled and character- 
ized his every thought and action. matter what question came him, 
his primary concern was that his decision should just and that the equities 
should balanced. Had followed the law would have been great 
judge. But Waldo Smith was engineer nature. could determine 
the value plan almost glance and his mind once went forward 
the effects which would follow from the plan. him the details 
structure pictured operating whole; the plan for project visioned the 
social, the economic and the political consequences which would give 
rise. Yet his reports were models brevity, though full and complete. 

engineer worked not only with materials, but even more brilli- 
antly with men—both the men who put the materials from the drafting board 
into the completed structure and the public officials who provided the neces- 
sary funds and approved his plans. Waldo Smith worked with men one 
them. they had ability recognized it, they had faults over- 
looked them. was the engineer and director men because held the 
respect and confidence all. 
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qualities were brought into outstanding relief his great personal 
modesty. Never did seek publicity notice for himself. Always did 
insist that credit should the men who deserved it, and always did 
ticularly remember those who served with faithful distinction. The organi- 
zation built the Catskill Aqueduct was one socialized service, 
and partly because this fact its spirit and loyalty were boundless and its 
influence has gone far and wide. Each man his staff well every one 
the many contracting organizations which executed the work saw him 
the exemplification all that was good and noble and true. His friends were 
legion. They were his strength and his comfort’.” 


order that fitting memorial the man and the engineer might remain 
outward and visible sign for the future, about 400 friends Mr. Smith 
contributed the erection tablet resting the south face the 


triangulation tower hilltop overlooking the Olive Bridge Dam and 


the Ashokan Reservoir, and bearing the following inscription: 


Trisute 


WALDO SMITH 


ENGINEER WATER 
New City 1903 1933 


1861 1933 


Man AND CouRAGE 
THE Human Heart 
His 
Anp His 
His 


“NONE KNEW THEE BUT LOVE THEE 


NOR NAMED THEE BUT PRAISE.” 
Halleck. 
ERECTED HIS FRIENDS 1936 


the center the tablet bronze medallion in. diameter showing 
portrait relief the features the man whose memory stands. The 
tower surrounded grove beautiful pines. These trees were planted 
under Mr. Smith’s direction part the forestation program around the 
Ashokan Reservoir. The tower not far from his country 
place the shore the reservoir, where spent many happy hours enter- 
taining his friends and associates both during and after the days the 
Catskill operations. was dedicated June 25, 1936. 

his will and testament, Mr. Smith bequeathed the Society the sum 
$20000, the income which used the way promoting and 
advancing the best interests Engineering the Board Direction may 
determine. One the objectives memorial volume describing 
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the Catskill Water Supply Project. For effecting this purpose the Board 
Direction its meeting January, 1936, appointed committee Society 
members. 

Such was the man, was honored life, and did the very 
last strive discharge his debt the profession. His whole life was 
devoted that end—to help his fellow workers—to make his profession 
better and broader and greater service mankind. 

These words are tribute his memory. was genius skill and 
prophetic vision. leadership was that fearless honesty. held 
his profession cause kept sacred and this end accomplished 
far more than falls.to the lot most. his name written high the 
record accomplishment also inscribed the top the scroll 
those who labored promote both the welfare the engineer 
individual and the ideals his calling. 

And withal, Waldo Smith man exceeding gentleness. The modesty 
greatness was his. shunned publicity. honors came him 
insisted that they were the due his associates. was kind and consid- 
erate always, but forceful and direct whenever occasion required. loved 
the simple things life. his friends, his flowers, his pigeons, his dog, 
music, and poetry found peace and inspiration and comfort. The 
autumn each passing year brought him rare delight the delicate 
blue the fringed gentian; and now, another autumn, sleeps under 
the sod Massachusetts where boyhood learned live the truth and 
where the gentians, heralds winter, will bloom all the years come. 

Waldo Smith, salute you. Your name and your influence will live 
through the years both history records them and the legion your 
friends tells them its children. Sic itur astra. 


WILLIAM VALORUS ALFORD, Am. 


Aveust 1935 


William Valorus Alford was born Windham, Ohio, October 1858. 
was the only child Darius Manley and Cathaline (Brewster) Alford, 
being, his mother’s side, the tenth generation direct from William Brewster 
who came America the Mayflower, and his father’s side, the ninth 
generation from Patience Brewster, the daughter William Brewster. 

attended school Garrettsville, Ohio, and was graduated from High 
School 1879. boy farm, looked forward surveying and engi- 
neering and worked toward the goal which determined attain, and 
which achieved great success. Wherever Mr. Alford went, continued 
his studies. 


prepared from information supplied the 
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When very young, his first engineering trip took him with party into 
the Southwestern United States, where they found necessary hide 
canyons order escape the raids Apache Indians under Geronimo. 
1887, was employed the Nicaragua Canal Survey and was the first white 
man through the wilderness the Isthmus Darien. The late Rear- 
Admiral Robert Peary, Navy, who afterward attained fame 
Arctic explorer, was Chief Engineer Nicaragua that time, and his 
tireless energy and steadfastness purpose won the sincere admiration 
Mr. Alford, who always felt Admiral Peary have been one his truest 
friends. 

After the taste the tropics, Mr. Alford always longed for the southland, 
and much his life was spent Central America and South America, his 
work taking him into all the South American countries with the exception 
Chile and the Guianas, and across the Isthmus Panama thirty-five times. 
especially enjoyed railroad construction work and from 1907 1910 was 
Engineer Maintenance for the Cerro Pasco Railway Company Pern. 
This work included preliminary surveys, triangulation covering about 
100 miles surveys for hydro-electric power plants, made four 
reconnaissance trips into the Valley the Amazon, investigating timber re- 
sources. always took great interest the life the country through 
which passed. was keen observer both plant and animal life, and 
always made friends with the natives order study their primitive ways 
living. 

1911, was Locating Engineer about 350 miles railway 
Uruguay. 1912, was Government Engineer, the Island Santo 
Domingo, highway location and construction about water- 
bound macadem. From 1916, was Chief Engineer for the United 
States Steel Products Company railway location, Salvador. This road 
was never built because the World War. 

The years 1917 and 1918 found Mr. Alford again the High Andes 
Chief Engineer for the American Vanadium Company charge all plans, 
maps, and estimates, well the location five miles aerial tram-line 
for conveying ore. Other trips into the Valley the Amazon followed until 
1921, when went the Orient charge construction work Shanghai, 
China. While the East, where remained until 1923, constructed the 
foundation for St. Luke’s International Hospital Tokyo, Japan. This site 
was abandoned after the 1923 earthquake, although the foundation withstood 
the crash, and was practically the only construction which remained that 
part Tokyo. 

His last trip was 1926 and 1927 when was Chief Engineer for the 
Venezuela Gulf Oil Company, Maracaibo, Venezuela. made 
necessary for him return the United States, and never was well enough 
undertake further extensive work, although was engaged land survey- 
ing and smaller projects Garrettsville for several years. 

Mr. Alford had keen appreciation beauty and the eye true artist 
realized the field for work his trips, and early his 
career took time off perfect himself this interesting hobby. one time 
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conducted photographic gallery, but soon gave continue his 
chosen profession. always carried complete photographic outfit with him 
wherever went and brought back thorough record the country through 
which had traveled and the work which was being done. carried this 
hobby such perfection that his pictures have been published many leading 
magazines and books. The Fifteenth Edition the Encyclopedia Britannica 
full page illustrations South America, and the Pan-American 
Union has its files many fine pictures from his negatives. The Nature 
Magazine for September, 1935, contained two his interesting pictures from 
the Rock Forest Peru. was completely love with photography that 
never disposed negative; did his own printing and sold (or gave 
away) only prints. His splendid collection negatives was one his greatest 
sources joy. 

Mr. Alford was great lover trees, flowers, and birds, and when his 
health became poor that was longer able engage active outdoor 
duties, found great pleasure his own door yard and home. Tulips were 
his favorite flowers, and cultivated and enjoyed them the utmost. 

was member the Masonic Order. was also Fellow the 
Royal Geographic Society London, England. 

was married 1919 Georgia Lee Robinson, Warren, Ohio, who 
survives him, and lives their home Garrettsville. Three children 
former marriage, Mrs. Archer, New Haven, Conn., Mrs. Kellogg, 
Warren, Ohio, and William Brewster Alford, Cleveland, Ohio, are also 
left mourn his passing. 

Mr. Alford was elected Associate Member the American Society 
Civil Engineers November 1910, and Member March 1928. 


THOMAS HENRY ALISON, Am. Soe. 


Diep 1932 


Thomas Henry Alison was born Toronto, Ont., Canada, Septem- 
ber 25, 1872. His parents, James and Mary (McCord) Alison, came from 
Belfast, Ireland, and settled Toronto. 

was prepared for college the Wellesley School, and Jarvis Street 
Collegiate, Toronto. was graduated 1892 from the School Prac- 
tical Science Civil Engineering (the Engineering Department), the Uni- 
versity Toronto. 1892 the University established the degree 
Bachelor Applied Science open graduates the School; Mr. Alison 
took the extra year and obtained the degree Bachelor Applied Science 
1898, the University conferred him the degree Civil 
Engineer. The degree Civil Engineer only granted this University 
three years more after graduation. 


*Memoir prepared Kennard Thomson, Am. Soc. 
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The School Applied Science the University Toronto was founded 
Professor John Galbraith, who later became Principal, and, finally, Dean, 
now called the Faculty Applied Science and Engineering. 
Galbraith who was fifty years ahead his time, thought foolish call 
man Engineer until had least three years practical experience 
after graduation. always said that did not try turn out full fledged 
engineers, but only endeavored teach his students how study. real- 
ized that they obtained actual during the summer vacation, they 
would better understand what they were studying during the winter, and, 
therefore, made the college term six months, from October April, with 
the vacation (for work) from April October. Mr. Alison took advantage 
this opportunity obtain work with the Toronto Belt Line Railway Com- 
pany the summers 1890 and 1891. 

After finishing his post-graduate course 1893, Mr. Alison was appointed 
Assistant Engineer for The Central Bridge and Engineering Company, 
Peterboro, Ont., Canada, until October, 1895. From October, 1895, March, 
1896, was Designing and Assistant Engineer for the New Jersey Steel 
and Iron Company, Trenton, J., the designs for cableways Haiti, 
bridges and buildings, including theatres, working with the writer much 
the time. 

From March, 1896, February, 1897, Mr. Alison was with the firm 
Post and McCord, New York City, steel work. February, 1897, 
accepted position Engineer for Brunner and Tryon, Architects, steel 
buildings and foundations, leaving that work April (at the request the 
writer) become Assistant Engineer for the Dutton Pneumatic Lock 
Company, which proved interesting work. 

July, 1897, Mr. Alison became associated with the late Augustus 
Smith, Am. Soc. E., Engineer and Contractor, New York City, 
his Chief Engineer, connection which lasted until Mr. Smith died 
March, 1932, period thirty-five years mutual respect and friendship. 
Mr. Smith had left the management The Bergen Point Iron Works largely 
Mr. Alison for years, and the day before his sudden death told the writer 
with satisfaction that although they were not making money 1932, owing 
the depression, they had not been discharging their men. 

Mr. Smith’s death, from heart attack, Mr. Alison became President 
well Chief Engineer The Works, but, like Mr. Smith, had long 
suffered from heart trouble, and the strain losing his old friend and Chief 
thirty-five years’ standing was very severe, although, usual, faced 
the situation bravely. 

would impossible mention all the structures designed built 
Thomas Alison for Augustus Smith and The Bergen Point Iron Works, 
but some these are: The West Bank Light House, 50th Street, New York 
City; 129th Street Recreation Piers, New York City; New York Central and 
Hudson River Railroad Freight Terminal Barclay and Desbrosses Streets, 
New York City; the bridge 135th Street and Mott Haven Canal, for the 
Department Bridges, New York City; the design and construction coal 
pockets for various companies, and for the United States Navy Department, 
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Washington Navy Yard, coaling stations for the Navy Depart- 
ment, the New York and Boston (Mass.), Navy Yards, and Balboa and 
Canal Zone; the Narragansett Bay Coal Depot, concrete buildings 
and pockets, steel bridges, and buildings for sugar factories Cuba and 
Puerto Rico. 

Mr. Alison was Engineer the highest sense the word, born 
student, and fond research work. was quick, accurate, and indus- 
trious worker, with the most necessary qualifications for good Engineer— 
common sense, strong sense justice, and love for his fellow men. 

While college, had been Captain the Cricket Team and frequently 
played the game the Old Athletic Grounds the Bergen Point Section, 
Bayonne, Englishman says that anything dishonorable “is not 
cricket”. Here, say good man “played the game”. Mr. Alison always 
“played cricket” and “played the game”. 

had summer home Orr’s Island, Me., and had lived for many 
years Bayonne, J., where died. 

Mr. Alison was married Mary Lowery Moorhead, the daughter the 
famous Dr. Joseph Moorhead, and their fine children are: James Moorhead 
Alison, and Janet and Mary Lowery Alison. 

spite his strenuous engineering work, Mr. Alison found time for 
many other activities; was Elder the Fifth Street Reformed Church 
Bayonne; and Treasurer the Bayonne Chapter the American Red 
Cross. was connected with the Young Men’s Christian Association for 
about forty years, and was the Board Directors the Central Young 
Men’s Christian Association; member the Mutual Culture Club, the 
University Toronto Club New York (26 yr), serving Director, 
Vice-President, and then, for five years, Secretary-Treasurer; and the 
Canadian Club New York for many years, serving Director and 
many Committees. matter how many organizations belonged to, 
gave the best his ability and time each. 

Thomas Henry Alison was loved and held the highest esteem all who 
knew him. man great ability, quick, hard working, accurate, absolutely 
honest and faithful his family, friends, and work, his passing the age 
left great void. 

Mr. Alison was elected Member the American Society Civil 
Engineers October 1908. 


CHARLES KYES ALLEN, Am. 


14, 1935 


Charles Kyes Allen, the son Hiram Kyes and Martha (Davis) Allen, 
was born Massillon, Ohio, February 20, 1867. Shortly after his birth, 
his parents moved Missouri where his father was engaged railroad con- 
tracting and, later, agricultural interests near Columbia. 


prepared Mrs. Martha (Allen) Louisville. Ky. 
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Charles Allen was educated the State University Missouri, 
Columbia, from which was graduated 1890. 1892, entered the 
State School Mines Rolla, Mo., from which was graduated with 
the degree Bachelor Science Civil Engineering. 

commenced the practice engineering Resident Engineer charge 
the construction sewer system for Mexico, Mo. was appointed 
City Engineer Mexico and County Surveyor Audrain County, holding 
both positions for several years. During this time was married Katye 
Lee Ringo, Mexico. After completing his term County Surveyor, 
was employed for few years railroad location surveys and the surveying 
large ranches the (then) Indian Territory. was also employed 
the precision level survey for the Mississippi River Commission. 

1900, Mr. Allen moved Kansas City, Mo., and was engaged the 
drafting designs bridges for Waddell, Am. Soe. E., work- 
ing that capacity for about nine months. resigned become Chief 
Inspector the Water Department Kansas City, remaining that posi- 
tion for about eight years, during the last half which was Assistant 
Engineer active charge the design and construction all plants. 

returned the office Mr. Waddell the latter part 1908 and was 
Resident Engineer the Congress Avenue Bridge, Austin, Tex., several 
large lift bridges, Portland, Ore., the Arroyo Seco Bridge, Pasadena, 
Calif., and the Kaw River Bridge and the Blue River Bridge, Kansas City. 
Later, made surveys and borings the Mississippi River New Orleans, 
La., for Mr. 

February, 1919, entered the service the United Iron Works 
Kansas City Designer for new steel sheds several its plants, but, 
1920, again returned Mr. Waddell’s Office take charge the building 
highway bridge over Red River Author City, Tex., and various other 
work being constructed the firm, the next few years. 

the fall 1925, Mr. Allen went Bath, Me., Resident Engineer 
the building the large bridge over the Kennebec River that place. 
that bridge caissons were sunk 123 below high tide, which was deeper 
than any pneumatic caissons had ever gone before. Upon the completion 
this work went Charleston, C., build the Cooper River Bridge, 
exceptionally difficult piece construction. 

October, 1929, started the work the Suspension Bridge over the 
Maumee River, Toledo, Ohio, for Mr. Waddell, completing the fall 
1931. Mr. Allen’s health compelled him take much needed rest 
that time and did not attempt take his work again until the summer 
1934, when went Chicago, IIl., construct some the plants for 
the new sewerage system built under Government supervision. was only 
there few months, however, when was obliged return his home 
Kansas City because his health. His death occurred within short time, 
July 14, 1935. 

survived his widow, Katye (Ringo) Allen, daughter, Mrs. 
Martha (Allen) Hyre, and granddaughter Martha Kathryn Hyre. 
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This brief recital Mr. Allen’s work rather inadequate, inasmuch 
his whole life was wrapped his profession. His outstanding ability 
engineer, his devotion to- his duty all times, and his high ideals will 
remembered his many friends always. 

Mr. Allen was elected Member the American Society Civil 
Engineers October 31, 1911. 


JAMES PIERSON ALLEN, Am. Soc. 


Diep 11, 1934 


James Pierson Allen, the son Thomas Pierson and Sarah (Bell) Allen, 
was born Charleston, April 18, 1848. His early education was 
received school his native city. boy sixteen, saw 
service the Confederate Army with the Citadel Cadets, remaining with 
the Corps until was disbanded the close 1865. 1866, Mr. Allen 
entered Furman University, Greenville, C., from which was graduated 
1869 with the degree Bachelor Philosophy. attended the Univer- 
sity Virginia, Charlottesville, Va., from 1869 1870. 

August, 1870, Mr. Allen entered the employ the United States Engi- 
neer Department and for about five years was associated with its offices 
Milwaukee, Wis., Detroit, Mich., and St. Paul, Minn. the spring 1875, 
went Peru where was engaged the construction the Chimerlote, 
Hacuraz, and Pecuay Railroad, the Andes Mountains. returned 
the United States December that year and engaged farming South 
Carolina until the fall 1876, when went San Antonio, Tex., prac- 
tice general surveying and engineering. July, 1878, accepted 
appointment Assistant Engineer the United States Engineer Office 
Rock Island, While there, was engaged mapping 115 miles the 
Mississippi River, from Savanna, Burlington, Iowa. continued 
work the Mississippi River until November, 1880, having local charge 
improvements near Fountain City, Wis., and Winona, Minn. 

March 1881, Mr. Allen was appointed Assistant charge surveys 
for the United States Engineer Office, Charleston, Later, became 
Principal Assistant Engineer, having direct supervision projects for the 
improvement Charleston Harbor, Wappoo Cut, Salkahatchie and Edisto 
Rivers, South Carolina, and the Altamaha River and Brunswick Harbor, 
Georgia. also had supervision the fortifications Charleston Har- 
bor, which included the modernization the batteries Forts Sumter and 
Moultrie. His chief work, however, was the construction the jetty system 
Charleston Harbor, which stands to-day monument his untiring 
energy. 
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Shortly after the United States entered the World War, Mr. Allen was 
appointed District Engineer for the South Carolina District, and served 
that capacity until January, 1919, when resumed his duties 
Assistant Engineer. 

retired from the Government Service August 20, 1920, the age 
72, when the National Civil Service Law went into effect. September, 
1920, opened office Charleston, for the practice general engineering 
under the firm name Allen and FitzSimons. This partnership continued 
for period about six years, after which Mr. Allen retired from active 
business. 

Mr. Allen was recognized all who knew him man splendid char- 
acter and high ideals. loved his work and devoted practically all his 
time engineering matters. Personally and professionally, maintained 
high standard ethics, never swerving from course believed 
right. While was severely just his dealings with his subordinates, 
inspired their respect his integrity and impartiality. those whose privi- 
lege was know him, his memory will always cherished. 

was married April 25, 1876, Mary Malvina Bailey, Charles- 
ton, C., and survived son and three daughters. 

Mr. Allen was elected Junior the American Society Civil Engi- 
neers March 1879, and Member June 1884. 


WILLIAM WALLACE ATTERBURY, Am. 


Diep 20, 1935 


William Wallace Atterbury was born New Albany, Ind., January 31, 
1866. was brought Detroit, Mich. His father was the Rev. John 
Guest Atterbury, D., who renounced the practice law become 
Presbyterian minister. His mother was Catherine Larned, daughter 
Gen. Charles Larned, who was Attorney-General for the Territory Michigan 
under Governor Lewis Cass; his grandfather was Lewis Atterbury, and his 
grandmother, Catherine Boudinot, niece Elias Boudinot, one time 
President the Continental Congress. 

After receiving liberal preparatory education, and because family 
tradition, Mr. Atterbury entered Yale University, New Haven, Conn., 
the Sheffield Scientific School, from which was graduated the Class 
1886 with the degree Bachelor Philosophy. 

After graduation entered the service The Pennsylvania Railroad 
Company October 11, 1886, Apprentice the Altoona (Pa.) Shops. 
Upon completing his apprenticeship, from 1889 served, successively, 
Assistant Road Foreman Engines various divisions the Pennsyl- 


1 Memoir prepared by a Committee of the Philadelphia Section. consisting of Edward 
Brinton Temple. Chairman. and Clark. Dillenbeck. Rohert Farnham. John Clifford Hodges 
Lee, and Wallace Nelson Mayhew, Members. Am. Soc. 
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Railroad System, Assistant Engineer Motive Power, what was 
then known the Company’s Northwest System, and Master Mechanic the 
Pennsylvania Railroad Shops Fort Wayne, Ind. 

October 26, 1896, Mr. Atterbury was appointed Superintendent 
Motive Power, and October 1901, was advanced General Superin- 
tendent Motive Power, with jurisdiction over the Pennsylvania Railroad 
Lines East Pittsburgh and Erie. 

His wonderful executive ability was clearly demonstrated the following 
year (1902), during period great industrial activity, when was called 
upon clear traffic jam which seriously affected freight and passenger move- 
ment through the Pittsburgh District. was rewarded January 1903, 
being appointed General Manager the Pennsylvania Lines East 
Pittsburgh and Erie. was during this period that came understand 
both the needs and psychology the employees, and contended thus early 
his career that the employees had rights which were too often neglected. 

Mr. Atterbury was appointed Fifth Vice-President the Pennsylvania 
Railroad Company March 24, 1909, and placed charge the Transpor- 
tation Department. March 1911, upon change the organization 
the Company, was made Fourth Vice-President, and, the same date, was 
elected Director The Pennsylvania Railroad Company. May 1912, 
when the practice designating the Vice-Presidents numerically was dis- 
continued, his title was changed Vice-President Charge Operation. 
occupied this position until November 15, 1924, when was elected Vice- 
President the Company, being advanced its Presidency October 
1925, the retirement from active service the late Samuel Rea, Hon. 
Am. 

While Mr. Atterbury was Vice-President Charge Operation the 
Pennsylvania System was unanimously chosen President the Amer- 
iean Railway Association, May 17, 1916. the head this Association 
rendered invaluable service the United States Government connection 
with the transportation troops and war material and supplies the Mexican 
Border, well the Atlantic Seaboard, thus, sense, paving the way 
for his later mission Europe the service his country. 

Shortly after the entry the United States into the World War, the 
Commanding General the American forces abroad included the following 
cable the War Department: 


“Have made thorough study railroad situation ‘and convinced that 
operation railroads must under man with large experience managing 
commercial railroads home. Successful handling our railroad lines 
important that ablest man country should selected.” 

The War Department thereupon chose Mr. Atterbury, and was subse- 
quently designated Director General Transportation the American 
Expeditionary Forces, with the rank Brigadier General. this position 
assumed charge the details organization and operation the United 
States transportation requirements France and their co-ordination with 
those the other Allied Armies. His success this difficult undertaking 
attested not only the testimonials his superior officers the Army, but 
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also the decorations which received from his own and from foreign 
Governments. 

his autobiography, Gen. John Pershing, Army, said 

“In our first conversation ran over the problem general way. Much 
surprise, Mr. Atterbury seemed very familiar with the situation, 
and his personality, his force and his grasp the difficulties the task, and 
his willingness understand it, appealed once.” 

Mr. Atterbury sailed for Europe August 18, 1917. was commis- 
sioned Brigadier General the United States Army October 1917, 
which appointment, three days later, was confirmed the United States 
Senate. returned America May 31, 1919, receiving honorable dis- 
charge from the Army the following day. reason his work with the 
American Expeditionary Forces later received the following decorations: 


United States.. Distinguished Service Medal. 


Legion Honor, Rank Commander. 
Great Britain.. Companion the Most Honorable Order the Bath. 
Belgium....... Commander the Order the Crown. 


Serbia......... Royal Order the White Eagle. 
Grand Officer the Order the Crown. 


Upon his return the United States, Mr. Atterbury again took his 
work with the Pennsylvania Railroad Company, and found himself the 
midst the greatest labor problems his life. The interests the Pennsyl- 
vania Railroad employees were always his interests. Consideration the 
rights those who labor was uppermost his mind. regard this, 
stated: 


“The World War brought home that what fought for “76, 
1812, and again 1917-18, was real—that life, liberty and the 
pursuit happiness were the inherent right all. had always known that 
was right, but not know that had ever had keen realization 
that was the right every other fellow. tried put myself the other 
fellow’s place. What did that right mean me, and what did mean him? 
seemed that the following, least, were essentials: 


employment; 

good wage; 

for recreation; 

determining the rules and regulations under which should 
work; 

fair division any profits after reasonable wage had been earned 
and sufficient amount had been paid capital attract 
expanding business.” 


These were the principles upon which Mr. Atterbury founded the plan 
employee representation, which was designed give the employees the 
Pennsylvania Railroad Company equal voice with the Management 
the handling their mutual affairs. The effect this new policy manage- 
ment brought substantial benefits not only the Pennsylvania Railroad Com- 
pany, and its employees, but also, generally, the railroad transportation 
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industry the United States. This was his most prideful accomplishment. 
laid the foundation for spirit fair dealing and co-operation which was 
largely responsible for the success with which the Pennsylvania Railroad 
Company was able meet the depression period through which the country 
was passing the time his death. 
During Mr. Atterbury’s absence France the railroads had been taken 
over and operated the Federal Government. After resumed his position 
Executive Officer the Pennsylvania Railroad Company proceeded 
with the plans for the re-organization the Operating Staff incident the 
consolidation the former East and West Lines the Company, and for 
the creation separate regions for the operation the System lines upon the 
return the railroads the country their owners. success these 
changes was amply demonstrated the safe, efficient, and economic operation 


the entire Pennsylvania Railroad System since the termination Federal 

Increasing competition other forms transportation, and the current 
tendency bringing the Government more actively into business manage- 
ment, largely due the depression and the difficulties financing large 
corporations, required Mr. Atterbury’s constant attention head the 
Pennsylvania Railroad Company. these and similar problems devoted 


himself with resourcefulness, vision, and courage. was his frequently 

asserted view that the Company should not consider itself railroad enter- 
prise alone, but rather general carrier ready encourage, develop, and 
utilize any form transportation, any combination whatever forms 
transportation that may meet the public needs. Practical demonstration 


this view materialized through the Company’s interest the development 
air lines, motor-bus lines, trucking activities, and the collection and 
delivery less than carload shipments freight. 

His contribution, therefore, the development American transporta- 
tion, while fairly well known and recognized to-day, will not fully 
appreciated all its far-reaching significance for years come. left 
stamp progressive development American railroads that even his con- 

temporaries who were intimately associated with him, have not yet fully 
realized. 

Following the death Mr. Atterbury September 20, 1935, 
Clement, President the Pennsylvania Railroad Company, said him: 


“He was one the most far-seeing business executives the country, 

recognized not only his own field transportation, but the industrial 

and economic field generally. had the admiration and affection every 

one who was privileged know him.” 
During Mr. Atterbury’s incumbency President the Pennsylvania 

Railroad Company the many new problems confronting the railroad industry 

erystallized the necessity for co-ordination the activities the railroad 

companies. From his suggestion grew the Association American Railroads, 

which was organized promote and improve railroad service the public 

interest and maintain the integrity and credit the industry. The Asso- 

ciation became effective October 12, 1934, and now enables the railroad 
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companies present united front dealing with such problems met 
the industry whole. 

His courage the face obstacles well exemplified his prosecution 
the work electrifying the lines the Pennsylvania Railroad Company 
between New York, Y., and Washington, Begun 1928, the work 
was halted the difficulty financing brought about the world-wide 
depression. Upon the offer the Government advance funds, Mr. Atter- 
bury did not hesitate. accepted the offer and pushed the work 
conclusion that the lines were opened for operation February, 

the re-organization meeting the Board Directors the 
vania Railroad Company April 24, 1935, following the Annual Meeting 
the Stockholders, Mr. Atterbury, because ill health, declined permit 
the placing his name nomination again for the Presidency. Had 
lived and continued this capacity, would have been retired automatically 
from active service under the pension regulations the Company 
February 1936. The Directors reluctantly acceded his request, which 
thus closed the active official career one who was, according Minute 
adopted that day the Board Directors, “distinguished not only his 
able and faithful administration the affairs this corporation, but for 
his outstanding services the Nation.” He, however, retained his position 
member the Board Directors, and regularly attended the meetings. 

Mr. Atterbury died unexpectedly September 20, 1935, the Bryn Mawr 
Hospital. “Apoplexy, following arteriosclerosis”, was given the cause 
his death, formal statement issued the attending physicians. 

The funeral services held the afternoon Monday, September 23, 
the Protestant Episcopal Church the Redeemer Bryn Mawr, Pa., were 
largely attended relatives, friends, and heads the principal industrial 
and transportation companies America, and large number Pennsyl- 
vania Railroad employees, among whom were many who had served side 
side with him his early days railroading. Interment was private, 
the cemetery the Old St. David’s Church, near Radnor, Pa. 

Mr. Atterbury was staunch Republican and for years was prominent 
figure his party’s politics the State Pennsylvania. 1928, 
became National Committeeman from his State, but this post resigned 
1930. 

His character throughout his life did not change with his steady rise 
prominence. When was President the Railroad Company, his office 
was simple that any employee, and his home tastes were similar. 
lived Radnor, suburb Philadelphia, remodeled farm house, and 
also owned large farm the Chester Valley, which frequently motored, 
and which took great pride raising dairy cattle and draft horses, 
more less hobby. played golf with the same enthusiasm always 
displayed work. Although liked dance and play cards, disliked 
banquets and ceremonies all kinds. was much sought 
speaker, but because his position invariably read address which 
had prepared advance. 
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Among his business associates was known great fighter, yet had 
the utmost respect for those who fought him. did not respect man who 
won over too easily. never took decision until was thoroughly 
familiar with both sides case. Once having said however, was 
extremely difficult change. was most determined every stand took 
see that justice and right prevailed. 

Mr. Atterbury was actively identified throughout his lifetime with the 
leading engineering, philosophical, economic, scientific, business, historical, 
fraternal, and military societies the United States. was member 
the Academy Natural Science Philadelphia; American Academy 
Political and Social Science; American Legion; American Museum 
Natural History (New York); American Society the French Legion 
Honor; American Philosophical Society; American Society Mechanical 
Engineers; Franklin Institute Pennsylvania; Historical Society Penn- 
sylvania; Indiana Society; Sons the American Revolution; Military Order 
the World War; National Aeronautic Association; Pennsylvania Acad- 
emy the Fine Arts; and the Society American Military Engineers. 

was also member the Engineers Club, Manufacturers and Bankers 
Club, Philadelphia Club, Rittenhouse Club, and Union League, Phila- 
delphia; the Union Club New York; and Honorary Member the 
Union League New York; member the Merion Cricket Club, Haver- 
ford, Pa.; Gulph Mills Golf Club, Gulph Mills, Pa.; Seaview Golf Club, 
Absecon, J.; Radnor Hunt, Radnor, Pa.; the Corinthian Yacht Club 
Philadelphia, Essington, Pa.; and the Gibson Island Club, Pasadena, Md. 

the halls learning Mr. Atterbury was publicly recognized out- 
standing national figure. was twice honored Yale University con- 
ferring upon him 1911, the degree Master Arts, and 1926 the degree 
Doctor Laws. Similarly, the degree Doctor Laws was conferred 
upon him the University Pennsylvania, Philadelphia, Pa., 1919, 
Villanova College, Villanova, Pa., 1927, and Temple University, 1929. 
1932, received the degree Doctor Engineering the Pennsylvania 
Military College, Chester, Pa. 

Few men American industrial and economic life leave behind such 
indelible achievements those handed down posterity William Wallace 
Atterbury. His death marked the passing dynamic personality, one 
the Nation’s outstanding leaders transportation, man who served his 
country faithfully and well, and one who his later years was the President 
one America’s foremost railroads. 

Pre-eminent his chosen field endeavor and endowed with all the 
qualities genuine leadership, Mr. Atterbury well deserved the international 
reputation which enjoyed. His place was high the respect the 
railroad fraternity was the affections his close associates and 
the army co-workers which ably led. 

The entire career William Wallace Atterbury ran true American 
standards. From shopman’s apprentice the head the railroad which 
served for half century, his deeds will live furnish inspiration and 
guidance the coming generations. 
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was married 1895-to Minnie Hoffman, Fort Wayne, Ind., who 
died 1910. 1915 was married Mrs. Arminia Rosengarten 
St. Davids, Pa. survived his widow, three sons, George 
Rosengarten, and William Wallace, Jr., and daughter, Mrs. Elizabeth 
Connelly, Radnor, Pa. 

Mr. Atterbury was elected Member the American Society 
Engineers March 1909. 


ALMON BYRON ATWATER, Am. Soc. 


The Atwater family old one American history, the first member 
having settled America 1637. Almon Byron Atwater was direct 
descendant this early settler. was the oldest family three and 
was born Sheffield, Ohio, November 19, 1845, the son John Todd 
Atwater and Matilda (Hill) Atwater. 

After attending the common schools, Kingsville Academy, Kingsville, 
Ohio, and Austenbury Institute, Austenbury, Ohio, entered the Engi- 
neering Profession way railroad construction work. His first engage- 
ment was that Resident Engineer with the Canada Southern Railway Com- 
pany, from April, 1870, March, 1874. Next, was Assistant Engineer with 
the Port Dover and Lake Huron Railroad Company, from October, 1874, 
November, 1876. Mr. Atwater often told the changing conditions which 
occurred this period and commented very trite observation, substan- 
tially follows: “Many well informed people about 1873 said America would 
never have prosperity again.” view the fact that lived during the 
acute period the 1929-1935 depression, and through the 1873, 1893, and 1907 
depressions, his prediction the early Seventies must much interest 
the present generation. 

Mr. Atwater served Chief Engineer the Stratford and Huron Rail- 
road Company, from November, 1876, March, 1877, and from the latter date 
until May, 1880, Superintendent the Port Dover and Lake Huron and 
the Stratford and Huron Railroad Companies. Subsequently, was General 
Superintendent and Engineer the Georgian Bay and Lake Erie Division 
the Grand Trunk Railway until May, 1882, which time was made 
Chief Engineer the and Grand Trunk Railway. was Superin- 
tendent the Grand Trunk Railway from May, 1885, until July 12, 1898. 
this time, left the service the Grand Trunk Railway Company and 
became Assistant General Superintendent the Michigan Railroad, 
Detroit, Mich. After serving with this Company until July, 1902, again 
returned the Grand Trunk Railway Company Assistant the President, 


with headquarters Detroit. the ranking railroad official the Grand 


MEMOIR ALMON BYRON ATWATER 1525 


Trunk Railway Company the United States, had many duties perform 
which gave him opportunities show his executive ability, which was much 
needed during the period from December, 1902, the date his retirement, 
which was October 1922. 

Mr. Atwater’s duties were largely executive and not engineering, although 
his many years engineering training had particularly qualified him 
guide the management the Grand Trunk Railway Company handling 
such difficult construction problems important track-elevation work 
Chicago, and Detroit, and other large cities. also had charge the 
completion the Detroit and Toledo Shore Line Railroad from Toledo, Ohio, 
Detroit and equipped for steam service. gave great deal his 
time the building the Grand Rapids Terminal Railroad the new passenger 
station and bridge over the river Bay City, Mich.; and also purchased con- 
siderable land Detroit for terminal yard purposes. gave considerable 
his time also the development railroad facilities Michigan, the 
time the expansion the automobile business. Due the fact that 
the Grand Trunk Railway was owned English capital, made his work 
additionally difficult, required careful negotiations protect the rail- 
road interests which were constantly being attacked legislative and other 
utility controlling bodies. 

Mr. Atwater was civic worker the highest type, but sense 
handler details. knew very well how delegate authority and have 
his railroad profit this executive ability. several occasions had 
the opportunity and did escort Henry Ford and the late Thomas Edison 
important trips. unfortunate that did not record the very interesting 
history these journeys the philosophies that were exchanged these 
two men, described Mr. Atwater, were unusually interesting. 
regarded Mr. Ford remarkable executive. When the Titanic sank, was 
Mr. Atwater’s very sad duty find and identify the body the well-known 
President the Grand Trunk Railroad System, Mr. Hays, who had 
been his life-long friend. 

Mr. Atwater was lover the out-of-doors, having been good golf 
player and continuing play until was years age. was Life 
Member the Detroit Golf Club. also belonged and was 
active member of, curling club Detroit. and Mrs. Atwater traveled 
extensively, having visited Iceland, Russia, Germany, Austria, France, and 
England during 1932 when was years age. was great student 
and reader and left his estate very fine library standard literature. 
was, one time, President the Prismatic Club, Detroit, exclusive 
literary society. 

was Mason, Episcopalian, conservative Republican, and active 
member the Sons the American Revolution. His philanthropies were 
unusually quiet, carefully chosen, and generous sums. was one the 
fortunate who profited the development the early air-brake patents and 
from this small beginning left estate which was distributed among his 
nephews and nieces. 
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Mr. Atwater was married Jane Thompson, Welland County, Ontario, 
Canada, July 1872. They had children. His only survivors are 
Carleton Atwater, Indianapolis, Ind., Mrs. Maude Gerow, Cleveland, 
Ohio, Mrs. Everham, Kansas City, Mo., and Mrs. Barbara Leach, 
Painesville, Ohio. died March 1935, Pasadena, Calif., where 
lived after his retirement from the railroad service October 1922. 

was man very definite ideas, but kindly. His executive ability, his 
spirit fairness, and his clear thinking dealing with those with whom 
came contact commanded their respect and admiration. Although quiet 
his manner, was firm his decisions and positive his ideas 
how work should done. will remembered with gratitude many 
engineers and railroad officials who owe him their opportunities life. 

Mr. Atwater was elected Member the American Society 
Engineers May 1886. 

HERBERT HOWARD BASSETT, Am. Soc. 
Diep 26, 1935 

Herbert Howard Bassett was born New Britain, Conn., October 21, 
1877. His parents, Milton Humphrey Bassett and Prudence Maria (Butler) 
Bassett, were long-time residents that city, his father, veteran the 
Civil War, having been trained the profession the law. They were both 
New England ancestry, devoted their family and, the same time, 
actively interested the affairs church and school and the general welfare 
their city. 


Herbert Howard Bassett prepared for college the New Britain High 
School where maintained high standing. entered Cornell University, 
Ithaca, Y., September, 1896, the College Civil Engineering, 
from which was graduated June, 1900. 

His first work was with the American Bridge Company, East Berlin, 
Conn., where remained until January, 1903, when joined the office 
force Frink and Hazen, Consulting and Construction Engineers, Balti- 
more, Md., connection that was terminated the great fire February, 
1904. For about six months, September 1904, Mr. Bassett acted Sewer 
Inspector for the Town West Hartford, Conn., leaving this work join the 
Berlin Construction Company, with which remained until 1908. 
August, 1908, went with the Syracuse Bridge Company, Syracuse, 
for four years Chief Engineer, changing the Groton Bridge Company, 
Groton, Y.,.in 1912, with which remained until 1916. 

November, 1916, was made Manager the Worcester, Mass., Office 
the Berlin Construction Company, and held this position until was 
commissioned, 1918, Major Engineers the Construction Division 
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the United States Army, for service the World War. the fall 1919, 
returned the Groton Bridge Company Chief Engineer and remained 
with that Company until went out business 1923, 

During these twenty years, Mr. Bassett had intimate and direct contact 
with all the ordinary problems structural design and had become thoroughly 
familiar with shop construction and field erection. was well equipped, 
therefore, for his entry into changed field that occupied him almost continu- 
ously for the remainder his life. Retaining his residence Groton, 
acted Consulting Structural Engineer architects practicing cities 
other than Groton, but within reasonable distance. acted for Gibb and 
Waltz, Ithaca, developing the plans for the Baker Laboratory 
Cornell University, $1000000 building, involving many unusual and 
complicated steel details. designed the steel for number buildings 
for which Mr. Hillgar, Auburn, Y., was the Architect. 

late years, Mr. Bassett’s work had been almost entirely with Mr. 
Clark, Cortland, Y., the design school buildings. His last work 
was with Mr. Clark the preparation plans for the State and Government 
project the office which will serve Regional Wholesale Market for 
Central New York, located 60-acre plat the City Syracuse. 

Chairman the Building Committee the Ithaca City Hospital, the 
writer had occasion estimate the ability Mr. Bassett, both Designer 
and tactful co-worker. When the latter acted with Mr. Lakin Bald- 
ridge, Architect, Ithaca, the design the five-story Nurses Home for 
the City Hospital, Mr. Bassett was rigidly insistent ample strength, particu- 
larly joints, and could not moved from his position either motives 
economy architectural composition. Clark says him: 

“Aside from being careful, experienced, competent engineer, Bert Bassett 
had personality never forgotten those who were fortunate 
know him. His kindliness, high idealism, public spirit and friendliness will 

these few words Mr. Clark has characterized admirably Mr. Bassett. 
His work tended isolate him from his fellows. His ability become 
absorbed his work and deaf his surroundings was noticeable. Equally 
characteristic, however, was his friendliness and social gifts. was 
regular attendant the evening meetings the Ithaca Section the 
Society, driving from Groton Elmira, Binghamton, and returning home, 
apparently indifferent time weather. 

During the World War, was stated Major the Construction Divi- 
sion the Army Construction Corps, and after the war was active 
member Carrington-Fuller Post No. 800, American Legion, one time 
Chaplain the Local Post, and Past Commander the Legion. 

Mr. Bassett was prominent Mason, Past Master Groton Lodge, No. 
496, and M.; Past Assistant Grand Lecturer the Cayuga-Tompkins 
Excellent High Priest St. John the Baptist Chapter, Royal Arch 
Masons, Moravia, Y., and member Cortland Lodge Perfection, 
Rite. 
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Mr. Edwin Harman gives this tribute his activities the 
Body: 


never knew him refuse any request for aid assistance. keen 
mentality, his wonderful memory, his ability lecturer, his clear concise 
judgment was ever the service the lodge brother distress. 
believed from the depths his heart brotherly love, relief, and truth, and 
endeavored exemplify them his daily life.” 


Mr. Bassett was member the Committee Troop the Boy 
Scouts Groton, and was active the interests that organization. 

was member the Congregational Church, regular 
and for some years leader and teacher the Men’s Class the 
School. The Rev. Goodrich writes him: 


“Tt was joy for him render any service and never refused his 
part any good work. Disappointment and reverses were met philo- 
sophical spirit and enabled him live victoriously. man clear vision 
and sound judgment, had the courage his convictions and frankly gave 
expression them. One his outstanding characteristics was see the 
good others and never spoke ill unkindly any one.” 


1906, was married Helen Davis who survives him, together 
with daughter, Prudence, and son, Ethan, Springfield, Mass. 


Mr. Bassett was elected Member the American Society Civil 
Engineers November 28, 1916. 


ROGER DERBY BLACK, Am. Soc. 


Diep 12, 1936 


Roger Derby Black was born West Point, Y., January 18, 1883, 
which time his father was duty the United States Military 
Academy Instructor Practical Military Engineering and Commander 
the Engineer Detachment. was Army boy and came from 
family West Point graduates and Regular Army officers. was the son 
the late Major General William Murray Black, Army, Am. Soe. 
E., the World War Chief Engineers, and Daisy Peyton (Derby) Black. 
was the grandson Captain George Derby, Topographical Engineers, 
Army, who under the nom plume John Phenix wrote 
and “Squibob Papers”, among the first books American humor. 

Roger Derby Black’s early education was obtained various Army posts 
and stations the United States which his father happened assigned. 
His secondary education was obtained the Central High School, Wash- 
ington, C., 1896 and 1897, and St. Paul’s School, Concord, 
1898 received “at large” appointment West Point 1900 
and entered the Military Academy August that year. While West 
Point demonstrated his ability both scholastic and military matters, 
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being first section man one, resulting his assignment the Corps 
Engineers upon graduation, and the other, chevrons for three 
years, Cadet Corporal, the Cadet Sergeant Major, and one the six 
Captains the Corps Cadets. was graduated from West Point 
the Class 1904 and was commissioned Second Lieutenant the Corps 
Engineers. 

Lieutenant Black served the Corps Engineers, United States Army, 
passing through all the grades: Second Lieutenant, 1904 1906; First Lieu- 
tenant, 1906 1912; Captain, 1912 1917; Major, May August 1917; and 
September, 1917, Lieutenant Colonel, reaching that Colonel Engineers, 
National Army, February 1918. July, 1919, resigned his com- 
mission the Regular Army engage engineering civil life. 

From his graduation 1904 the declaration war against Germany, 
Colonel Black performed the varied military and civil duties chargeable 
the officers the Corps Engineers, including engineering works performed 
Engineer troops and river and harbor operations under the Engineer 
Department Large. 

Second Lieutenant, his first service was with Company the 
Battalion Engineers, Fort Leavenworth, Kansas, and the Philippine 
Islands, Fort William McKinley, where was engaged upon military 
surveys, road, target range, and water supply works, and various strictly 
military duties. left the Philippine Islands the summer 1906 and 
spent the next year Post-Graduate Student the Engineering School, 
then Washington Barracks, was promoted the grade First 
Lieutenant September, 1906. The year, was spent garrison duty 
Fort Leavenworth, with Company Battalion Engineers. From 
1908 1910, was engaged survey, land defense, and fortification work 
with detachment Company the vicinity San Francisco, Calif. 

From 1910 1914, Lieutenant Black was river and harbor work with 
station Albany, was immediate charge the Northern Sec- 
tion the First New York Engineer District, having charge river and 
harbor projects the vicinity Albany, Lake Champlain, and the Upper 
Hudson River. this work developed and tested detailed cost-account- 
ing system, one the first its kind used the Engineer Department and 
now standard use its essential features. was promoted the rank 
Captain February, 1912. 

For the next two years Captain Black again served the Philippine 
Islands Commander Company and, later, Adjutant, the Engi- 
neers. addition his company and regimental duties, was charge 
District the Military Survey the Island Luzon and topograph- 
surveys the environs Manila. 

the spring 1917, while duty the Office the Chief Engineers 
and member the Board Engineer Troops, prepared the manu- 
script for the Engineer Training Manuals used during 1917 and 1918 the 
divisions training the United States and overseas. was promoted 
the rank Major May, 1917, and September, 1917, that 
Lieutenant Colonel. 
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During the World War, Colonel Black rendered invaluable service due 
his detailed and intimate knowledge military organization and military 
training methods. was responsible for much the training and organi- 
zational literature used the troops, and participated actively the train- 
ing Staff Officers and Engineer troops, both the United States and 
France. 

Among the first American troops called for service France were Engi- 
neer Railway Regiments. These regiments had raised, equipped, trained, 
and sent overseas very short period time and practically the entire 
officer personnel and all the enlisted personnel came, course, from the 
American railroads. The very few Regular Engineer officers available for 
assignment the units had specially qualified men. Major Black was 
one the officers selected for this work May, 1917. Adjutant the 
13th Engineers, recruited Chicago, had charge the multitudinous 
details organization and training the regiment and accompanied over- 
seas within three months after the initial organization. served with the 
regiment until September, 1917, when the need for his organizational and 
training knowledge called him service with the Expeditionary Staff 
General Headquarters. 

From September, 1917, January, 1918, was immediate Assistant 
the Chief Engineers the American Expeditionary Force, charge 
personnel and training, and was employed upon matters relating Engineer 
Staff organization. From January May, 1918, while Colonel, commanding 
the 116th Engineer Regiment, selected, organized, and operated the Engi- 
neer Replacement Training Center Angers, France. 

June, 1918, being detailed member the War Department General 
Staff, War Plans Division, returned the United States and served the 
Army War College, Washington, C., acting Instructor the School 
for Divisional Staff Officers. After the Armistice, was active the draft- 
ing plans for the re-organization the War Department and the 
Services which finally were, great extent, incorporated the National 
Defense Act 1920. resigned from the Army July, 1919, 
Colonel the War Department General Staff. 

The remaining years Black’s life were spent the practice 
civil engineering. Notwithstanding the exigencies his private practice 
soon found that his twenty years military training could not forgotten, 
and, 1921, applied for, and was commissioned as, Lieutenant Colonel 
the Engineer Section the Organized Reserves; the following year was 
promoted the grade Colonel. such, Colonel Black was one the 
strongest supporters and most enthusiastic members the Engineer Reserve 
Corps. was assigned the command the 342d Engineers 1921, and 
retained command this regiment December, 1934, when having moved 
Washington, outside the limits the Second Corps Area, had 
relinquish command. Returning New York City the spring 1936, 
was again assigned the command the 342d Engineers, the official 
orders being issued April 10, 1936, just two days before his 
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Colonel Black was valuable asset the organization and training the 
Engineer Reserve Officers New York City. His regiment was high 
efficiency and extreme loyalty. was man unusual brilliancy and 
talent and had engaging personality, which made him hosts friends 
and attracted able personnel his regiment. Much the activity mili- 
tary matters among the engineers New York City due his enthusiasm 
and training ability. never missed opportunity attend the Reserve 
Training Camps and his work and personality will long remembered 
the Engineer Reserve Officers the Metropolitan Area. drill master 
was equalled few officers the Army. His two-man squad drill, which 
developed for the use Reserve Officers, has been used repeatedly camp 
and inactive training with most excellent results. was always willing 
to, and did, take active and wholehearted part having with the 
problem national defense. 

From the time his resignation from the Regular Army 1919 until 
his death, spent the major portion his time and around New York 
City practicing civil engineer. was expert waterways and was 
employed number studies and reports Consulting Engineer 
this specialty. 

His first work private practice was for Cooper and Company, 
and consisted special study and report the economic value improv- 
ing the St. Lawrence River for deep-draft navigation and the proper 
channel and lock characteristics accommodate the anticipated commerce, 
without undue initial investment necessity for future reconstruction. 

From 1920 1924 was President of, and organized, financed, and oper- 
ated, the Roger Black Company, Incorporated, Engineering and Construction, 
and engaged general contracting and speculative building projects New 
York City and Long Island. later became interested the promotion 
construction projects and engaged real estate and building operations 
Long Island. was Director the Long Island Realty Investors 
Corporation. partner the firm Leaycroft and Black, and, later, 
Vice-President and Director Colprovia Process, was active the devel- 
opment and promotion “colprovia”, special form bituminous paving, 
tested and used various highways throughout the United States. made 
special studies Mississippi River revetments for the Merritt, Chapman and 
Scott Corporation. 1932, was engaged the Engineer Department 
Large the War Department make special study the relative 
merits high-level ship canal comparison with sea-level ship canal 
which was then under consideration for the New York-New Jersey Section 
the Intracoastal Waterway, Raritan Bay the Delaware River. This was 
thorough and extensive study, including detailed analysis possible ton- 
nage, types vessels, canal capacities, and general waterways economics, and 
most valuable addition the voluminous studies and reports made upon 
this proposed waterway. 

Upon completion this work for the War Department, Colonel Black 
was engaged upon the initial organization and subsequent operation the 
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Station Department the recently completed Independent Subway System 
New York City until 1934, when was called Washington and 
Chief the Management Branch the Housing Division the 
Works Administration. Shortly before his death, was transferred 
New York City Project Engineer the Wards Island Sewage Plant. 

Colonel Black was man vision and imagination. was specially 
skilled organization. His technical reports and studies are clear and com: 
plete and very valuable. was man tireless energy and great initiative 
and had wonderful faculty making being especially able 
attract and understand the younger men. His sudden and untimely death 
the age was great loss the Civil and Military Engineering 
Professions. 

was Past-President the New York Post the Society American 
Military Engineers; member the Loyal Legion; Past Commander, New 
York Chapter the Military Order the World War; Mason; and 
belonged the Army and Navy Club, Washington, was active 
the Episcopal Church and was for some years Vestryman 
St. Marks-in-the-Bouwerie, New York City. For his services France 
was decorated the French Government “Officier L’Ordre L’Etoile 
Noire.” 

Colonel Black died New York City Easter Sunday, April 12, 1936, 
coronary and general arteriosclerosis from which had suffered for 
number years. was buried West Point, Y., with full military 
honors, April 14, 1936. The escort consisted the Military Academy 
Engineer Detachment and the colors his Reserve Regiment, the 342d Engi- 
neers, borne officers the regiment. 

1907, was married Margaret Eveleth Smith, Portland, Me. 
survived his widow; daughter, Helen Townsend (Mrs. Alan Gray), 
New York; three sons, Lieutenant Roger Derby Black, Jr., Field Artillery, 
Army (Rhodes Scholar), John Murray Black, and Richard Winthrop 
Black; and two brothers, William Murray Black, Warrentown, 
and Major Percy Gamble Black, Field Artillery, Army. 

Black was elected Junior the American Society Civil 
Engineers January 1905; Associate Member January 1913; and 
Member September 1919. 


ALBERT NELSON BURCH, Am. Soc. 


Diep 21, 1936 


the night February 21, 1936, Albert Nelson Burch, Member the 
Society since 1929, passed away his home Sacramento, Calif. 
ing from attack pneumonia, his weakened body was unable overcome 
the effects complications that developed. 
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Born Fayette, Iowa, June 21, 1864, Mr. Burch was the son 
Benjamin and Elizabeth (Rafter) Burch. received his the 
public schools that State and the Peru, Nebr., State Normal School. 
The teaching profession for which had prepared was not attractive him, 
however, and subsequently entered his real life profession with special 
course the University Wisconsin, Madison, Wis. 

California attracted him the early Nineties, and January 1898, 
became Superintendent the Stanislaus Water and Power Company, 
Oakdale, remaining this position for nearly ten years. October 
1907, was appointed Irrigation Engineer the United States Reclamation 
Service and assigned the Umatilla Project Oregon, being transferred 
later the Orland Project his adopted State. became Project Manager 
shortly thereafter, and under his régime this project was developed into one 
the most successful those within the scope the Reclamation Service. 

October 1921, Mr. Burch resigned his position the Orland 
Project and was appointed Consulting Engineer the Reclamation Service. 
For the next six years, was retained Consultant the Service, and 
also was employed the State Engineer California from March 1922, 
December 1923, Consultant and Special Investigator problems 
connected with the study the water resources the State. During 1924 
and part 1925, was employed Chief Engineer the Hollister 
Irrigation District. Late 1927, returned the State service Super- 
vising Hydraulic Engineer charge irrigation district matters and 
remained that position until his last illness. 

October 1898, Oakdale, Calif., Mr. Burch was married Ivy May 
Sivley who, with their daughter, Katherine, survives him. 

was recognized authority irrigation problems and did much 
improving practice the art. retiring nature, was 
respected all who knew him for his wide knowledge and sound common 
sense and loved for his unfailing kindliness and subtle sense humor. His 
passing leaves place among his brother members the Society, and among 
his friends and associates, that can never filled. 

Mr. Burch was elected Member the American Society Civil 
Engineers July 15, 1929. 


WILLIAM STODDERT CARUTHERS, Am. E.* 


Diep Novemser 1935 


William Stoddert Caruthers, the son William Caruthers and Mary Jane 
(Stoddert) Caruthers, was born Jackson, Tenn., January 22, 1863. 

his early education known that attended the University the 
South, Sewanee, Tenn., from 1877 1880, and, later, was student 
engineering the University Missouri, Columbia, Mo., which 
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attended 1883 and 1884. intervals during his studies, ‘Mr, 
Caruthers was engaged engineering work Rodman and Leveler. 

Following his studies the University Missouri was engaged 
Resident Engineer charge the construction the Yazoo and 
sippi Railroad, compieting section fourteen miles length during the 
years 1884 next engagement was Resident Engineer during 
1886 and 1887 the Chicago, Rock Island, and Pacific Railway. 

1888, Mr. Caruthers was engaged general surveying practice 
California, and during the same year became Resident Engineer charge 
the construction twenty-eight miles track for the Oregon Railroad 
and Navigation Company, and similar work, 1889, for the Alabama 
Midland Railroad Company. 

From 1890 1894, was engaged business the State Washington, 
and, from 1894 1898, was Chief Clerk the United States Surveyor- 
General’s Office, Olympia. 

again returned railroad work 1899 Resident Engineer 
charge line-revision surveys and construction between North Yakima and 
Spokane, Wash., for the Northern Pacific Railway Company, leaving this 
Company the same year become Resident Engineer for the McDonald 
Construction Company, railroad construction. 

1900, Mr. Caruthers was Engineer charge the substructure 
bridge over the River the Indiana, and Iowa Railway, 
under August Ziesing, Am. Soc. Also, during 1900, was employed 
Assistant Engineer maintenance way the Union Pacific Railway. 

1901, was Resident Engineer charge the construction fifty 
miles the Paso and Southwestern Railway, leaving this work 
engage private practice Seattle, Wash., during’ 1902. 

1903, served Resident Engineer charge construction 
fifteen miles the White River Line the Missouri Pacific Railway, includ- 
ing tunnel and drawbridge work, and, and 1904, was Locating 
Engineer the Memphis and Gulf Railway. continued railroad engi- 
neering work 1904 Locating Engineer the Tennessee Central Railway. 

1905, Mr. Caruthers was Assistant Engineer for the Kansas City 
Southern Railway Company, and, later, Locating Engineer Mexico 
the Rio Grande, Sierra Madre, and Pacific Railway. 

From 1906 1908, was Assistant Engineer the Western Pacific 
Railway charge location, and, later, heavy construction the Feather 
River Canyon, California, including the bridges. 

1909, became Construction Superintendent the Los Angeles 
Aqueduct, but, 1910, returned railroad work Division Engineer 
charge the construction twenty-five miles the Des Chutes Line, 
Oregon-Washington Railroad and Navigation Company. 

1911, again became Assistant Engineer with the Western 
Railway Company, and, later, Locating Engineer for the Dozier Construction 
Company the West Side Railway Sacramento Valley, California. 
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Mr. Caruthers’ health was constant source concern, and was neces- 
sary for him many occasions resign from agreeable work seek loca- 
tion where the climatic conditions were better suited his well-being. 

January, 1912, was appointed Division Engineer for the California 
Division Highways San Luis Obispo, Calif., and August, 1912, 
assumed the duties Division Engineer Division III. held this posi- 
tion from 1912 1920, and during the latter part this period also 
served Highway Commissioner for the County Sacramento, then 
engaged the construction County Highway System. 1920, 
assumed the duties Chief Engineer the Sacramento County Highway 
Commission, and the completion this assignment, again joined the 
California Division Highways and was appointed Assistant Engineer 
special assignments highway location during the years 1923 1926. 
October, 1926, left the service the State engage private practice 
Oakland and Berkeley, Calif. 

Mr. Caruthers’ diversified experience with general construction 
ous changes location, due largely the fact that never acquired 
vigorous constitution, brought him into contact with great many engineers, 
and especially with the younger men the profession whom always 
evinced great interest and with whom kept contact throughout the 
greater part his career. was man unfailing courtesy and consid- 
eration, true exponent the old Southern school gentlemen, and 
consistent supporter institutions for the advancement the interests 
young men, such the Young Men’s Christian Association, and other 
such organizations. His secret charities and the financial assistance 
furnished many people less provident than himself were guessed at, but 
never fully revealed until his death. died the result fall 
elevator during which sustained which eventually proved fatal. 

Mr. Caruthers was not married, but devoted himself the care his 
mother and sister who formed his family for the greater part his life. 
His kindly personality made him respected and considered with the kindest 
feeling all with whom came contact. survived his sister, 
Mrs. Frances Wimberly, Berkeley, Calif. 

was member the American Association Engineers. was 


-Mason, Democrat, and member the Protestant Episcopal Church. 


was also for many years member the Sutter Club Sacramento. 
Mr. Caruthers was elected Member the American Society Civil 
Engineers January 1913. 


JAMES ALANSON CHILDS, Am. Soc. E.* 


Diep 13, 1935 


James Alanson Childs was born Fergus Falls, Minn., April 15, 1886, 
the son Henry and Alberta (Hakes) Childs. His father was promi- 


prepared Frederic Bass, William Carey, and George Shepard, 
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nent attorney Minnesota and served Attorney General the State. 
After receiving his preliminary education St. Paul, Minn., Mr. Childs 
entered the University Minnesota from which was graduated 1909 
with the degree Bachelor Science Civil Engineering. 

Upon graduation, Mr. Childs entered the employ the Minnesota State 
Board Health Assistant Engineer. 1914 was made Engineer, 
Division Sanitation, Minnesota State Board Health and, except for 
short period during the World War, continued this capacity until 
1927. the Army was commissioned Captain the Sanitary Corps, 
and served Camp Sanitary Engineer Camp Jackson, South Carolina. 

His work with the State Board Health was chiefly supervisory 
character, pertaining water systems, sewerage systems, and water-pollution 
problems. was during this period service with the Board that the 
annual typhoid fever death rate Minnesota was reduced from about 350 
less than 50, due quite largely improvements public water supplies 
brought about the activities the Board Health. Although credit 
for this great improvement must distributed among several persons, Mr. 
Childs was proud the fact that was associated with, and had part in, 
this undertaking. 

1927, Mr. Childs was selected serve Chief Engineer and Secretary 
the Metropolitan Drainage Commission Minneapolis and St. Paul, and 
had responsible charge the investigation the sewage disposal problem 
the “Twin Cities.” This work has recorded considerable detail the 
four reports the Metropolitan Drainage Commission, published bound 
volumes, for the years 1928, 1929-30, 1931-32, and 1933. 

November, 1933, the Minneapolis-St. Paul Sanitary District was organ- 
ized authority Act the State Legislature, with orders proceed 
with the construction sewage disposal project. Because poor health, 
Mr. Childs declined considered for the position Chief Engineer 
the new District, but was appointed Sanitary Engineer, position which 
held until the time his death. For many years had been deeply inter- 
ested the problem sewage disposal for Minneapolis and St, Paul, and, 
this connection, had served the Committee Metropolitan Affairs, 
the Northwestern Section the Society which Committee considered 


this question among others. His studies river pollution, particularly 


applied the Mississippi River, Minnesota, are well known sanitary 
engineers. 

addition the positions responsibility mentioned, Mr. Childs was 
Assistant Professor the Department Preventive Medicine and Public 
Health the University Minnesota. was also Collaborating Engineer, 
Tnited States Public Health Service. held memberships Sigma 
and Tau Beta Fraternities, and the Central States Sewage Association, 
being the Executive Board the latter. rendered service mem- 
ber Committees the Sanitary Engineering Division the Society and 
was President the Northwestern Section 1929. 

recital Mr. Childs’ work and achievements yields inadequate esti- 
mate his life. regarded his engineering work means promoting 


publ 
and 
the 
his 
bere 


and 


Civ 


me 


MEMOIR ERNEST WILDER CLARKE 1537 


public health and welfare. His influence the community which 
lived extended beyond the visible results his labor; was always creative 
and constructive not only outward manifestations, but also its force 
the lives his associates. His unswerving devotion his duty saw it, 
his honesty purpose and action, and his high ideals will long remem- 
bered his many friends. 

1912, was married Muriel Tappan, who, with daughter, Muriel, 
and son, Tappan, survives him. 

Mr. Childs was elected Associate Member the American Society 
Civil Engineers April 18, 1916, and Member January 16, 1928. 


ERNEST WILDER CLARKE, Am. Soe. 


Diep 24, 1935 


Ernest Wilder Clarke was born Syracuse, Y., May 1868, the 
son and Ella (Wilder) Clarke. was educated the public 
schools Syracuse, Chicago, and Boston, Mass., and completed his edu- 
cation graduation 1887 from the English High School, Boston. 

Mr. Clarke was prepared and fitted for his future engineering career 
employment with various engineers and City Departments Boston and sur- 
rounding towns. This work gave him training and experience city survey- 
ing, sewers, water supply, electric railroads, and rapid transit, and covered 
period from 1887 1889, varying length proportion the magnitude 
the projects. The variety this training fitted him for the more important 
work his later life. 

1900, Mr. Clarke went New York, Y., where was employed 
the first rapid transit subways, changing sewer locations. 

From July, 1904, June, 1906, was with the Panama Canal Commis- 
sion sanitary work, first Cristobal and later Panama City; 
Division Engineer had charge municipal sanitation work Panama, 
Colon, and all towns across the Isthmus. Upon his return from Panama 
1906 was engaged water-works construction St. Stephens and 
St. Johns, B., Canada. 

1906, Mr. Clarke joined the Engineering Corps the Board Water 
Supply New York City, then actively engaged the construction 
the Catskill System. was first assigned Senior Section Engineer the 
Croton Division which covered the Catskill Aqueduct from Peekskill 
the Kensico Reservoir; later, was for short time Assistant the Divi- 


sion Engineer the construction the Kensico Dam. When the 


Plains Division was organized, was promoted the position Division 
Engineer and completed the Aqueduct included that Division. Thus, 
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was intimately familiar with the Catskill Aqueduct construction from Peeks- 
kill Yonkers and, addition, the preliminary construction the 
Dam and its appurtenant works. 

With this work completed, Mr. Clarke was engaged with the Quarter- 
master Corps, Construction Division, United States Army, 1917. 
was connected with the construction Camp Upton Long Island, the Fox 
Hill Hospital Staten Island, and other World War projects the Metro- 
politan District. From this connection, went with the United States 
Shipping Board, with headquarters Baltimore, Md., where remained for 
three years. 

1923, joined the organization Nicholas Hill, Jr., Am. 
E., Designing Engineer and continued with Mr. Hill until 1932. Mr. 
Clarke then joined the New York City Board Sanitation Designing 
Engineer and served that capacity until April 1935, when retired 
because ill health. 

was member the New England Water Works Association, and 
the New York State Sewerage Works Association. 

Mr. Clarke was active member and Warden St. John’s Protestant 
Church, Pleasantville, Y., where made his home. 

was married 1893 Lawrence Jones, Boston, and sur- 
vived his widow, daughter, Mrs. George Knowles, two sons, Robert 
and John Clarke, and sister, Mrs. George Tryon. 

Mr. Clarke was elected Member the American Society Civil Engi- 
neers January 1905. 


RUEL KEITH COMPTON, Am. Soc. 


Diep June 21, 1935 


Ruel Keith Compton was born Charles County, Maryland, July 
1869, the son Dr. Ruel Keith Compton and Rachel (Dement) Compton. 
was graduated from Saint Johns Academy, Alexandria, Va., when 
was years age. 1916, received the honorary degree Civil Engi- 
neer from Maryland State College. 

Immediately following his graduation from Saint Johns Academy 
1888, Mr. Compton was engaged surveying and other engineering work 
which added his experience and outlook his chosen profession. 1890, 
was made Assistant Engineer Sewer Construction for the City Balti- 
more, Md., which position held for eight years. From 1898 1901, 
various engineering positions with, and supervised construction for, the United 
Railways and Electric Company, Baltimore; the Pittsburgh and Alleghany 
Telephone Company, Pittsburgh, Pa.; and the Johnstown Telephone Com- 
pany, Johnstown, Pa. January, 1901, returned his former position 
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Assistant Engineer Sewer Construction for the City Baltimore, and 
remained that capacity until May, 1905, when was appointed Special 
Engineer charge the reconstruction highways within the “Burnt 
District” Baltimore, following the devastating fire 1904, which posi- 
tion continued until November, 1906, when was made Assistant City 
Engineer Baltimore charge highway maintenance. 

His outstanding ability and knowledge gained the field street paving 
and highway construction merited Mr. Compton’s appointment May, 1911, 
Chairman and Consulting Engineer the Paving Commission the City 
Baltimore, which capacity was charged with the responsibility for all 
construction, administrative, and executive work the Commission, and for 
the expenditure millions dollars for all classes standard paving 
construction. 

resigned his Chairmanship the Baltimore Paving Commission 
enter the World War when was commissioned July, 1917, Major 
the Corps Engineers, Army, and assigned Camp Meade, Mary- 
land, where was placed charge the construction roads 
ings. Later, was transferred Curtis Bay (Md.) Ordnance Depot 
charge general construction work and was also made Disbursing Officer 
that station. Subsequently, was transferred and placed charge 
roads the Quarantine Station, Baltimore; also served Executive 
and Summary Court Officer and, later, Acting Construction Quartermaster 
the Acid Plant, Little Rock, Ark. was honorably discharged from the 
Army June, 1919, and promoted ‘the rank Lieutenant Colonel 
Engineers, the Reserve Corps. 

After his discharge from the Army, Colonel Compton immediately returned 
Baltimore and was re-appointed, June, 1919, Chairman and Consult- 
ing Engineer the Paving Commission that city. 1924, received 
from the Mayor Richmond, Va., the offer the position Director 
Public Works the City Richmond and again resigned his position 
Chairman the Paving Commission Baltimore accept Richmond’s call. 
After having served nearly eleven years this position, his death followed 
sudden heart attack. was shock the entire community which 
lived and worked. was well known and beloved large circle friends, 
far and near, for his characteristics heart and manner, and engineer 
recognized ability. 

his official career, Colonel Compton developed rare spirit 
that inspired the confidence all those with whom was 
associated came contact. public official brought his position 
real and lasting accomplishments through his professional ability, tact, and 
dignity. 

His worth and standing his profession evidenced the fact that 
was Past-President and Director the American Society Municipal 
Engineers; Past-President the American Road Builders’ Association; Past- 
President the Engineers Club Baltimore, and, the time his 
death, President the Virginia Section the American Society Civil 
Engineers. was also, the time his death, Chairman the Paving 
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Brick Committee (SPR1) Simplified Practice, United States Department 
Commerce, and Chairman the Asphalt Committee (SPR4) Simplified 
tice, United States Department Commerce. 

Colonel Compton was connected with the following social organizations 
and clubs: member the Commonwealth Club, Richmond; Past-Pregj- 
dent, Southern Maryland Society, Baltimore; member, Central Engineers 
Club, Richmond; and member the Society the Cincinnati. 

was married 1894, Elinor Hough, Baltimore. sur- 
vived his son, Keith Compton, Jr., Richmond, and two sisters, 
Mrs. Roger Manning, Accokeek, Md., and Mrs. Canfield Jenkins, Charles 
County, Maryland. 

Colonel Compton was elected Member the American Society Civil 
Engineers November 12, 1913. 


ROBERT FULTON COWLES, Am. Soe. 


26, 1935 


Robert Fulton Cowles was born Cleveland, Ohio, September 14, 1887, 
the son Edward and Ella (Hill) Cowles. His family moved 
Colorado and, 1896, California. His formal education was received 
the Grammer Schools San Diego and Los Angeles. His educa- 
tion was obtained through home study and experience, supplemented 
uncompleted course “Special Student” Leland Stanford University. 

Mr. Cowles’ first engineering assignment was the Los Angeles Aque- 
duct, 1908. Beginning Draftsman, became Assistant the Location 
Engineer, and, later, Assistant the Division Engineer charge con- 
struction, having responsible charge engineer crews, cement testing, and 
concrete mixing and curing. 

1912, was appointed Chief Engineer the Casa Grande Valley 
Water Users Association, Arizona, the survey and construction 
main canal, with capacity 1000 per sec. the conclusion that 
Los Angeles, the survey and design water and irrigation systems, includ- 
ing water system South Oceanside, Calif., and hydraulic studies 
surface and underground waters. 

Mr. Cowles was retained the Bureau Light and Power, the City 
Los Angeles, 1915, take charge the collection and preparation 
data and the compilation reports seven potential hydro-electric projects 
the Owens Valley and Mono Lake regions, California. This 
ment involved stream measurement and run-off studies, well the location 
proposed reservoirs, dams, power plants, and transmission lines. 


prepared William Nanry, Esq., San Francisco, Calif. 
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1916, was employed the late O’Shaughnessy, Am. Soc. 
E., the Hetchy project, for the City San Francisco, Calif., 
charge topographical survey (40 miles), selection core-drilling sites, 
tracing serpentine stratum, and locations for power-house and the penstocks 
thereto, Moccasin Creek. 

Soon after the United States entered the World War 1917, Mr. Cowles 
was commissioned First Lieutenant Engineers, Army, and served 
more than year France. Commanding Officer Engineers 
Vau Claire, under Hugh Cooper, Am. E., had charge 
the rebuilding old monastery hospital, well the operation 
water, steam heat, and electric power supplies. was also charge the water 
supply, drainage, and sewage disposal large military hospital 
Beau Desert. 

his return civilian life 1919, Mr. Cowles engaged general engi- 
neering practice with offices Los Angeles. was retained make 
topographical survey the 60000-acre Gillespie Project, Arizona, and 
extensive hydraulic studies the holdings the Sweetwater Water Company 
San Diego County, California. 

1921, was placed charge surveys for the Arrow- 
head Lake Project, California, and 1922, was appointed Chief Engi- 
neer the South Coast Land Company, Los Angeles, general charge 
land development and sub-division, the design, construction, and opera- 
tion extensive water supply and irrigation systems, and the supervision 
street lighting and sewerage system installations. 

After designing sewerage and water supply systems for Normal Heights, 
San Diego, Mr. Cowles was appointed, 1925, Engineer-in-Charge the 
Bureau Water Development, the City San Diego. During his régime 
had charge the design and construction 17-mile pipe line, 
diameter. 

1928, was retained the Campbell Irrigation Company, Cali- 
fornia, for the design and construction overhead irrigation systems. 
1929, for the Water Department the City Los Angeles, served 
Topographer the Colorado River Project and participated the extensive 
studies involved that gigantic undertaking. For short time 1930, 
Associate Engineer, United States Bureau Reclamation, participated 
the study the water resources the Sacramento Valley, California 
(Central Valley Water Project). 

Mr. Cowles was appointed 1930, Assistant Hydraulic Engineer, State 
Division Water Resources, California, connection with the administra- 
tion the Water Commission Act, and for investigations the availability 
and use water the Napa and Santa Clara Valleys particularly, and else- 
where throughout the northern part the State. was during this period, 
that his health began fail due the ailments that finally caused his death. 

next, 1934, served Supervising Engineer, United States Coast 
and Geodetic Survey, Kennett Reservoir, California (Central Valley Water 
Project). This was Mr. Cowles’ last active professional work, although while 
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hospitalized Yountville, Calif., 1935, made some volunteer water 
studies for the hospital authorities the proposed Rector Dam project, 

November 26, 1935, passed away the United States 
Hospital, Yountville. During his life worked, with high degree 
professional ability, several the really great engineering projects the 
West and with some great engineers. 

Mr. Cowles was elected Member the American Society 
Engineers August 16, 1929. 


FRANCIS ELIHU CRANE, Am. 


Diep 1935 


Francis Elihu Crane, the son Martin Crane and Julia (Harris) 
Crane, was born Elizabeth, J., April 1861. was graduated, 
1885, from Union College, Schenectady, Y., with the degrees 
Bachelor Arts and Civil Engineer. 

Following his graduation, Mr. Crane taught his Alma Mater. 1887, 
went Amsterdam; Y., Assistant Engineer sewer construction. 
1889, was made the City Engineer Amsterdam and continued such 
for about twenty-five years. This was time when the city was growing 
rapidly. 

Afterward, opened office Amsterdam, and engaged private 
practice along sanitary and appraisal lines. made plans for sewers and 
disposal works for several towns, and was called many appraisal cases, 
which his fairness and clear thinking were great value. 

Mr. Crane was active and highly esteemed member the Presbyterian 
and filled responsible positions it. 

For years, was member the County Historical Society, the local 
Board Trade, and the Board Education. him, the local paper truly 
stated, 


“Tt was characteristic the man what fell his lot efficiently, but 
without fuss great show effort. Christian gentleman every sense 
and man unusual attainments his chosen profession, commanded 
the respect and admiration all with whom came contact. 

“Amsterdam better community for Mr. Crane’s having been mem- 
ber it, and that fine thing able say for any citizen.” 


His ability, kindly disposition, and good judgment endeared him those 
who knew him, and they became his friends. 

Mr. Crane was member the Society Engineers Eastern New York, 
and served several its committees. For years represented his Class 
the Graduate Council Union College. 
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October 20, 1892, was married Emma Myers, Amsterdam, 
who, with daughter, Elizabeth, and sister Sarah Crane, survives him. 

Mr. Crane was elected Member the American Society Civil 
Engineers October 1902. 


JOHN FRANCIS CUSHING, Am. Soe. E.* 


Diep 1935 


Born Arapahoe, Nebr., May 21, 1882, John Francis Cushing, the 
son Francis Cushing and Flora (Patchen) Cushing, after receiving his 
preliminary. education, including studies the University Nebraska, 
Lincoln, Nebr., entered the University Notre Dame, Notre Dame, Ind., 
1902, from which was graduated June, 1906, with the degree Civil 
Engineer. 

The narrative Mr. Cushing’s progress and success the engineering 
and business world should inspirational any reader. Born the son 
village blacksmith, learning this trade, and that cooper, while pursu- 
ing his elementary and High School studies, his educational ambition and 
industry mastered all obstacles, and secured him university training for 
his splendid participation the complex affairs the modern world. 

After his graduation from Notre Dame, Mr. Cushing entered the employ 
the Barber Asphalt Paving Company Engineer and Superintendent, 
accepting more responsible employment shortly thereafter Field Engineer 
the construction utility tunnel for the City Chicago, upon the 
completion which, entered the ranks the Great Lakes Dredge and 
Dock Company 14, 1907, and devoted his great talents the 
affairs that Company for the remainder his life. 

During his twenty-eight years loyal service the Great Lakes Dredge 
and Dock Company, consequence his sturdy character, unusual indus- 
try, keenness mind, and noteworthy application, advanced persistently 
the pinnacle this great national organization, follows: 1907 1910, 
Timekeeper and Field Engineer; 1910 1912, Construction and Cost Engi- 
neer; 1912 1918, Division Engineer; 1918 1921, Assistant General 
Manager; 1921 1922, Vice-President; and 1922 1935, President and 
Director. 

Mr. Cushing’s earlier work comprehended field construction, the develop- 
ment cost systems and estimates, the formulation tenders, and the 
investigations and reports related construction progress. later years, 
his efforts were concentrated upon executive problems, which one the 
outstanding evidences modern marine construction equipment, developed 
under deeply long-term plan, the efficiencies and capacities 
which are international recognition. Such development was, perforce, 
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paralleled with the equally difficult task selecting and training highly 
skilled personnel, not only for design and construction, but for the safe 
and efficient operation many radically new machines and devices. The 
passing direct authority and responsibility dependable individuals, the 
establishment runner-up system for each key position, and myriad other 
general administrative activities, were given Mr. Cushing’s keen and constant 
supervision. Throughout his arduous life, great interest in, and loyalty to, 
his associates and employees were manifestly uppermost his mind. His 
encouragement and support were extended infallibly the younger men 
whose aptitude and ambition for advancement attracted his attention. 
striking accomplishments these many and diverse phases engineering 
and executive responsibilities insure him most enduring and living 
memorial. 

Mr. Cushing’s exceptional faculty for organization clearly indicated him 
the outstanding leader his industry, invariably respected strong 
character definite aims, and honored the friendship and confidence 
all with whom came into business association. His activities and energy 
were boundless, comprehending the entire scope the marine construction 
business. formed and led many groups, such the River and Harbor 
Improvement Association, and others, representing the marine contractors 
their many considerations related labor unions, code affairs, and other 
matters general welfare. Difficulties merely stimulated him increased 
efforts and greater accomplishments. was man’s man, deeply devoted 
his family, and his unusually wide circle friends and associates. 

Mr. Cushing was President the Hydraulic Dredging Company, Incor- 
porated, Oakland, Calif., which venture controlled individual. 
was Director the Independent Pneumatic Tool Company, and 
other business enterprises. held memberships the Western Society 
Engineers, the Rotary Club Chicago, the Edgewater Golf Club, and the 
Club, which served President for two successive terms. 
His Alma Mater, the University Notre Dame, recognition his 
achievements, selected him serve member its Board Lay 
Trustees. was communicant the Roman Catholic Church, and 
member the Knights Columbus. 

Some the more recent outstanding projects completed under Mr. Cush- 
ing’s direct supervision were the Chicago River straightening, Damen and 
Ogden Avenue improvements, South and Lincoln Park extensions, 
Progress and Skyride, Chicago, extensive dredging contracts 
New York, Y., Cape Cod Canal, Massachusetts, Buffalo, Y., Toledo 
and Monroe Harbors, Ohio, the Calumet and Indiana Harbor steel break- 
waters, Indiana, and multitude river and harbor improvements through- 
out the Great Lakes and along the and Coasts. 

Mr. Cushing was the author the technical paper, “Economical Design 
Pipe-Line which gave complete data the design 
the 30-in. Diesel electric hydraulic dredge, New Jersey, built 1930. 


Transactions, Am. Soc. Vol. (1932), 625. 
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1931, donated the University Notre Dame the beautiful struc- 
ture known the John Cushing Hall Engineering, intending that 
should represent his concrete expression gratitude and appreciation the 
assistance extended him while student. His benefactions the worthy 
were many, with none finer than his financial assistance numerous students 
struggling for education. 

The letter from Mr. Cushing, April 16, the President the 
University Notre Dame, making his gift the College Engineering, 
typical his clear thinking and planning for the future. The following 
extracts are quoted therefrom: 


conceive that Engineer, speaking particularly but not exclusively 
own field civil engineering, must man with conscience his 
profession. The gravest all natural responsibilities are borne him. 
will responsible for human safety and human lives. must know his 
materials and his principles construction. must respect the one and 
faithful the other. The seriousness this needs elaboration. 
matter primary and essential honesty workmanship but has its roots 
the character the man. The engineer must know how and have 
the strength character right. 

“Engineering has written glorious chapter the history progress 
our time. The glory not all the past, has not all been won. There are 
still great opportunities for those prepared seize them. The field service, 
indeed, constantly broadening. Electricity, for example, seems always 
its Nobody knows what the next day will produce. The same 
true regard the extension the principles mechanics. want 
adventuring minds all departments engineering. Where shall look 
for these results except men developed schools like Notre Dame? The 
native genius, inventor, discoverer is, doubt, born, not made, but 
alone would not get very far. Our best hope the high level professional 
intelligence and professional character developed the colleges and technical 
schools the land. there the thought needs instilled that men owe 
their profession, not lay down, finally, exactly was when they 
took hold it, but pass finer thing, enriched and advanced, and 
more valuable the world because the use they have made it.” 


the John Cushing Hall Engineering, directly opposite the entrance 


gray marble tablet treated gold and colors the manner an. 


illuminated manuscript, and bearing the inscription: 


“With honor and gratitude Notre Dame cherishes the name John 
Cushing, whose sympathy with the ideals the University and generous 
interest the high purposes scholarship are enduringly recorded 
gift this building for the service learning and the greater glory God.” 

Mr. Cushing’s sudden death the early age 53, resulting from ain 
plane accident Cheyenne, Wyo., October 1935, tragic and 
irreparable loss his associates and multitude friends. 

September 12, 1906, Mr. Cushing was married his boyhood sweet- 
heart, Harriet Webber. Mrs. Cushing and his seven beloved children, 
Francis, Paul, Jerome, Gregory, Mary, Martha, and Vincent, two sisters, 
Mrs. Jenkins and Mrs. Mary Mackenzie, and brother, Marvin Noble, 
mourn their great loss, but fondly cherish his memory. 

Mr. Cushing was elected Member the American Society Civil 
Engineers October 10, 1927. 
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ROBERT BENJAMIN DAVIS, Am. 


31, 1934 


Robert Benjamin Davis was born Jersey City, J., May 20, 1856, 
the son Judge James Davis and Jane (Russell) Davis. received 
his early education the schools that city, completing preparation 
for his college course Hasbrock’s Classical and Commercial Institute 
1874. 1878 was graduated from New York University, New York, 
which time delivered the Philosophical Oration and received the degrees 
Bachelor Science and Civil Engineer. was member Phi Beta 
Kappa. 

While student the University Mr. Davis’ interest centered its 
musical activities. voice unusual quality, the inspiration received from 
his instructor, Dr. Leopold Damrosch, father Dr. Walter Damrosch, led 
him toward musical career. The demands his professional practice soon 
proved this impossible, although for pleasure and relaxation always 
turned toward the best that music afforded. 

After his graduation from New York University, Mr. Davis began his life 
work the Public Works Department Jersey City, where remained 
until 1880 when became Resident Engineer for the Toledo, Cincinnati, 
and St. Louis Railroad Company. This work required surveys Indiana and 
Illinois, necessary cross-sections for cuts and fills, designs for timber trestles 
over waterways, etc., with estimates for the work. contracted the 
swamps that country compelled Mr. Davis resign that position 1881. 

Upon recovery, became Assistant Division Engineer the West 
Shore and Buffalo Railroad, from 1881 1883. His duties this position 
included general office work, the preparation plans, profiles, calculations, 
estimates, etc. 1883, became associated with Frank Earle, Civil 


Engineer, Jersey City. the general requirements such office were 


added surveys for road construction and the development “New Town,” 
Roseville, J.—under Mr. Davis’ supervision. 

1884, accepted the position Assistant Engineer, with the Brooklyn 
Railway Company. such, made surveys property adjacent routes 
for elevated structures; designs for timber trestles the yard the Elevated 
Railroad; and plans for machine shop. also designed coaling plant 
for locomotives and made the preliminary general drawings with detail steel 
drawings for the elevated structures. 

1886, Mr. Davis became Principal Assistant the Chief Engineer, 
the late George Cornell, Am. Soc. E., when responsibility was added 
the work designing foundations and structural steel, calculations and 
plans for track work, designs for station buildings, supervision all plans 
for, and the construction of, various classes work. 


prepared Mrs. Robert Davis, Brookline, Mass. 
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1888, order that might more closely associated with his friend, 
the world-renowned engineer, the late Charles Schneider, Past-President, 
Am. Soc. E., Mr. Davis accepted the position Manager the Bridge 
Department the Pencoyd Iron Works, Philadelphia, Pa. This position 
required both professional and business knowledge arranging the routine 
work through the drafting-rooms and shops, with its supervision all 
stages until shipped. 

1894, Mr. Davis decided enter private practice. Resigning from the 
Pencoyd Iron Works, the firm Davis and Barnes was established, which 
continued until 1897. During that time, among various outstanding works, 
were the designs the buildings comprising the plant the Sessions Foun- 
dry Company, Bristol, Conn., and the supervision the construction. The 
main foundry building was that time the largest its kind east 
Michigan. These buildings were brick, with steel roof trusses and concrete 
floors. The work included the planning the heating, plumbing, and venti- 
lating systems and the supervision their installation. 

1897, Mr. Davis closed his private business order that might 
concentrate that branch his profession that for him held the greatest 
interest. Mr. Cornell, still Chief Engineer the Brooklyn Elevated Railway 
Company, suggested Mr. Davis that past experience the Company, with 
architectural knowledge, would value and once more became 
Principal Assistant Mr. Cornell. During that time Mr. Cornell frequently 
gave expression his feelings confidence Mr. Davis’ ability and the 
conscientious performance work which seldom ever called forth criticism 
discussion. The extension the Elevated Railway had become urgent, 
and designs for the structural steel work and foundations were necessary, 
including direct connections the Brooklyn Elevated with its New York 
Terminal. Mr. Davis took great pride and interest this work. 

1899, was called Boston, Mass., Gen. William Bancroft, 
then President the Boston Elevated Railway Company, for expert 
tation plans and equipment necessary for the extension that road. 
These conferences required only limited time, but mutual esteem and confi- 
dence developed which resulted Mr. Davis becoming outstanding figure 
the construction and development the Boston Elevated Railway, cover- 
ing period more than thirty years. Beginning 1899, Mr. Davis was 
associated with the late George Kimball, Am. Soc. E., Chief Engi- 
neer, Designing Engineer charge plans covering large percentage 
structures. The items this work are numerous: Bridges various 
descriptions; power stations; elevated footwalk the North Station the 
Boston and Maine Railroad Company; and changes and alterations from inter- 
track and “island” stations side-track stations. From 1900 1902, some 
the most important works designed Mr. Davis were the Atlantic Avenue 
Division the original elevated structure, and the Lincoln Coal-Handling 
Plant, the entire design which (except the towers) being under his direct 
charge and the construction under his personal supervision. The coal-han- 
dling plant included coal-pocket 5000 tons capacity, connecting with 
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steel and concrete ash-pocket. The coal-pocket was support towers, which 
necessitated substantial wharf hold such loading, and dock sufficient 
dimensions accommodate coaling steamers. obtain the latter required 
the construction heavy sea wall. 

Other miscellaneous work came under Mr. Davis’ supervision, such 
vated stations and platform extensions; changes and additions the Sullivan 
Square and Dudley Street Elevated Terminals; the personal inspection 
bridges over which surface cars passed, well the solution problems 
concerning the determination safe loads and types cars operated 
over certain bridges. During this period Mr. Davis occasionally spoke the 
subject “Elevated Railroads” the students the Massachusetts Institute 
Technology. 

From 1905 1912, Engineer Elevated Structures, was charge 
plans and structures, such car barns, machine shops, and extensions. His 
designs were used for the Forest Hills Extension the Elevated Railway and 
for structures over Arbor Way. This work was done under his personal super- 
vision. Other important works were the south approach Washington Street 
Tunnel; reconstruction under operation the City Square and Dover 
Street Elevated Stations; design steel details for the Everett Extension 
the Elevated Railway from Sullivan Square; with estimates 
necessary for final judgment the bridge over Mystic River and the lift- 
bridge over Malden River; and inspection for car safety operation over 
highway bridges from 1914 1918. 

After the death Mr. Kimball 1912, Charles Sergeant, Vice-Presi- 
dent the Elevated Railroad Company, assumed charge the Department, 
Mr. Davis continuing his work under the title Engineer Structures. 
From 1918 1920 was Consulting Engineer for the Company. These 
years covered work varied character, such would demand the attention 


professional experience and judgment. Mr. Sergeant, learning the 
death Mr. Davis, wrote: 


“Tt was pleasure associated with skillful engineer who was 
also accomplished gentleman. his work felt great reliance for 
was competent, careful and safe and can recollect instance error 
failure his designs. was always regret that had not wider field 
than was afforded with one company, one which his capacity could have 
been better known. That was great assistance the design and 
building our elevated structures goes without saying and shall always 
remember our pleasant association.” 


Edward Dana, Executive Vice-President and General Manager, writes: 


“Mr. Robert Davis will always remembered those who were 
ciated with him the construction the elevated lines The Boston Ele- 
vated Railway man the highest moral character, strict integrity, and 
engineer unusual ability, ever willing and ready offer advice 
and assistance most friendly and courteous manner.” 


Although repeatedly urged enter broader fields his profession, the lure 
publicity professional honor was not attractive Mr. Davis. His unob- 
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trusive personality strikingly expressed tribute offered his friend, 
Worcester, Am. Soe. E.: 


“Mr. Davis was over modest about his own ability and for that reason did 
not become well known among engineers leader, but his ambition evidently 
lay doing faithfully and well everything that undertook. have always 
regarded him gentleman whom was proud call friend.” 


These tributes convey some extent the disregard Mr. Davis held for 
personal aggrandizement. permanent home, the simpler forms pleasure 
and relaxation after day service worthwhile achievements, were him 
sufficient. 1919 there were evidences failing health, and Mr. Davis 
retired from active professional work. Buying farm Wayland, Mass., 
decided spend his remaining years the restful environment country 
life. few years, however, with improved physical health, felt urge 
for old interests, and visions subways and tunnels disturbed the quiet 
the country. 

1924 became Designing and Consulting Engineer the Transit 
Department the City Boston. From 1924 1933 Mr. Davis’ 
outstanding works were: The Grosvenor Square Extension the Boston 
Street Subway; the Dorchester Rapid Transit Extension; and the Sumner 
Tunnel under Boston Harbor, from the city proper East Boston. 
The Dorchester Rapid Transit Extension was extension the old Dor- 
chester Tunnel Mattapan, mostly over the right way the Shawmut 
Branch the New York, New Haven, and Hartford Railroad. The length 
the Extension was about six miles; consisted substantially all new 
construction and was partly underground. Mr. Davis planned and supervised 
the relocation the four tracks the New Haven Railroad between Columbia 
Road and Savin Hill Playground, while maintaining traffic four tracks 
for the Railroad Company. also planned the relocation the present 
steel span Savin Hill Avenue Bridge, designing new steel and concrete 
span and temporary bridge for single passage vehicles and foot traffic 
while alterations and additions were being made. the Dorchester Rapid 
Transit Extension designed two power sub-stations, one Fields Corner 
and the other Ashmont. These were followed designs for the Charles 
Street Station, Boston, the structural steel work for the alterations por- 
tion the present elevated structure, including footbridges and stairways 
stations, alterations the Cambridge Bridge, connection with the pro- 
posed station, and design for timber trestle for the use elevated trains 
during new construction. 

Mr. Davis designed the Harrison Sub-Station Building complete, includ- 
ing architectural well steel details; the Forest Hills Station galleries, 
stairways, and footbridges connecting with the New Haven Railroad Station 
Forest Hills; the Ashmont Signal Tower and the Yardmen’s Building 
the Train Storage Yard Codman Street Ashmont; the over-pass 
Columbia Station, Mattapan Superstructure; the under-pass the Elevated 
Railway, South Station; subway South Station; and Mattapan Station, 
including all architectural, steel, and concrete details, with estimates for all 
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the work mentioned. designed the canopies over the platforms numer- 
ous stations, including Columbia, Savin Hill, Milton, Crescent Avenue, and 
Mattapan Stations. 

The Boylston Street Subway Extension was mile length entirely 
underground. this subway Mr. Davis’ work was chiefly the design the 
steel work. also designed the power sub-station the North Station 
the Washington Street Tunnel, and the one Newbury Street the Boylston 
Street Subway. was during the construction the Sumner Traffic Tunnel 
that Mr. Davis’ health again began fail and, the early spring 
was obvious could longer tax his The summer spent 
Chatham, Cape Cod, was great benefit. The severe winter following 
proved this only temporary. Again, was taken the Cape, but grew 
rapidly weaker and July 31, 1934, passed one sleeping. 

The many tributes his memory stress the exceptional attributes his 
character, his high ideals, his faithfulness purpose the exacting demands 
his profession, and every duty assumed. 

Thomas Sullivan, Am. Soe. E., the Transit Department the 
City Boston, wrote: “We had known each other for long time and 
admired him very much. Mr. Davis’ passing source regret the entire 
organization.” 

Wilbur Davis, Am. Soc. E., Chief Engineer the Transit 
Department, writes: 


wish express own comprehension Mr. Davis’ personal qualities 
well those the other associates with whom worked here the 
Transit Department during his last nine years. found him 
possess personality fine that the like seldom met with. was regarded 
with high degree respect all. Mr. Davis’ every act showed that which 
can best express gentleman. was very modest, mild-man- 
nered, and courteous every one. His loss deeply felt.” 


Thomas Ashton, lawyer and engineer, for time associated profes- 
sionally with Mr. Davis, offers this tribute his memory: 


“His journeying ahead does indeed leave with sense per- 
sonal loss. was extremely good fortune come into contact with Mr. 
Davis very early engineering activities. The examples which set for 
and the sound principles which generously and patiently imparted 
immature mind have left with inner feeling that has been 
neers during thirty years engineering labors different parts Eastern 
United States, but these other leaders engineering thought, have never 
somehow measured the enviable standard set Mr. Davis being just 
his own individual self engineer. The structures which 
designed have never failed bespeak more artistic and substantial product 
than those his contemporaries. least, this thought has ever 
been opinion weighed one structure against another during periodic 
journeys about the several States.” 


January 1883, was married Effie Potter Wilkes, Toms River, 
and Mrs. Davis celebrated their Golden Wedding their home, 
Wayland, Mass., January 1933. The surviving members his family 
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are his widow; daughter, Mrs. Anita Davis-Chase, Boston; son, Paul 
Davis, Wayland, and one grandson, Robert Laurence Davis. 

Although reared under the influence Methodist Episcopal Church and 
home, Mr. Davis became member the Protestant Episcopal Church, the 
time his marriage. 

After Mr. Davis had passed on, there was found billfold always 
the following lines Josiah Gilbert Holland, carefully preserved 
cardboard, but blurred time. The sentiment fully evidenced Mr. Davis’ 
attitude mind: 


“Men whom the lust office does not kill; 

Men whom the spoils office cannot buy; 

Men who possess opinions and will; 

Men who have honor; men who will not lie; 

Men who can stand before demagogue 

And damn his treacherous flatterings without winking; 
Tall men, sun-crowned, who live above the fog 

public duty and private thinking.” 


This was his standard manhood. such lived, such died. 
Mr. Davis was elected Member the American Society Civil Engi- 
neers October 12, 1925. 


BENJAMIN CURTIS DONHAM, Am. 


Diep January 15, 1936 


Benjamin Curtis Donham was born August 1873, Rockland, Mass., 
the son George and Sara (Studley) Donham. was graduated 
from the Rockland High School 1891 and from the Massachusetts Institute 
Technology, Boston, Mass., 1895, with the degree Bachelor 
Science Civil Engineering. 

Following his graduation, Mr. Donham entered into active engineering 
work which soon took him the Pacific Coast where spent nearly three 
years estimates and designs for the San Francisco Bridge Company. 
Later, spent year irrigation engineering for the Spreckels Sugar 
Company, Soledad and Spreckels, Calif., where designed and con- 
structed ditch and check systems for irrigating sugar-beet ranches, and 
superintended the construction about miles 30-in. steel pipe line. 
the six months, November, 1899, May, 1900, perfected and completed 
irrigation system the Gonzales Ranch, the Gonzales Water Company. 

May, 1900, Mr. Donham went Seoul, Korea, Chief Engineer for 
the Collbran, Bostwick Development Company, charge the estimates, 
design, and construction the Imperial Highway the Queens’ Tomb; 
the Seoul Water-Works (the first Korea); the maintenance and extension 
the Seoul Electric Railway which included miles construction exten- 
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sion and miles design extension; many important brick buildings 
including those for the German Consulate, Young Men’s Christian 
tion, made the complete designs and estimates for the new buildings 
for the United States Legation, which were accepted the State Department 
Washington, C., but the buildings were never constructed, owing 
the Russian-Japanese War and the subsequent change from Legation 
Consulate. 

1909, Mr. Donham returned the United States and entered the employ 
White and Company Construction Supervisor charge the 
following work: Cuba Eastern Railroad—reconstruction the railroad from 
Boquerm San Lois, Cuba; San Joaquin Light and Power Company—hydro- 
electric development 20000 hp, North Fork, Calif. few months 
the early work); Tri-State Land Company—reconstruction and extension 
the irrigation system cover 57000 acres; after May, 1909, served 
Secretary the latter Company and was practically charge the 
management its affairs, including active selling campaign for the dis- 
posal water rights for the entire area, well 24000 acres land which 
was owned the Company; Upper Columbia Company—a company organized 
for developing lands the Upper Columbia Basin, Washington, which 
became Vice-President after May, 1910, charge its management 
well the construction its irrigation system covering Tract No. 
Upper Columbia Orchards. 

1912, Mr. Donham organized and was Senior Partner the engineer- 
ing firm Donham and Company, the name which was changed 
1919 Donham-Adams Company. This Company took over from the 
White Engineering Corporation the management contract with the Tri-State 
Land Company which Mr. Donham continued Secretary until the 
formation Bondholders Committee. member and Secretary 
the Bondholders Committee, had complete charge the re-organization 
and refunding the bond issue, purchase stored water rights the 
Pathfinder Reservoir from the United States Reclamation Service, formation 
the Farmers Mutual Canal Company, and, later, the Farmers Irrigation 
District which took over all water rights from the natural flow the North 
Platte River, well the storage rights from the Pathfinder Reservoir. 
1926, the successful refunding the Farmers Irrigation 
District bond issue and settled all differences between the Tri-State Bond- 
holders Committee and the District. 

1926, Mr. Donham organized and was President the Air Filtration 
Corporation and took out important patents covering improvements the 
art dry-air filtration. This Corporation was sold the American Air 
Filter Company 1929. Thereafter, was Vice-President and, later, Presi- 
dent the Electro Anti-Corrosion Corporation. indicated the trend 
his professional work, had marked degree the combination 
ties that produce sound engineering and successful business. was 
thorough engineer, exceptional negotiator and diplomat, and successful 

business executive. 

Mr. Donham retired from active business about three years before his 
death because failing health. For many years, resided Glen Ridge, 
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J., where was actively engaged civic affairs. served six years 
the Glen Ridge School Board, three President, retiring 1928. 
resigned January, 1936, from the Glen Ridge Board Adjustment, 
which had served for eleven years. was member the Borough 
Building Committee from 1927 1933, and the Municipal Plan and Art 
Commission from 1927 1930. 

addition his engineering and business characteristics, Mr. Donham 
had those personal qualities mind and heart that endeared him host 
friends. Among that host was unusually wide circle intimate friends 
who were sincerely devoted him because his spirit optimism, help- 
fulness, and loyalty. his interest, advice, and assistance many ways— 
tangible well intangible—he helped many over the rough spots with 
which the path life strewn. Those who knew him thus intimately will 
long miss him. 

was married August 1902, Edith Alexandria McKean, 
Alameda, Calif., who survives him. survived also two sons— 
George Alden and Winfield Benjamin—and daughter, Dorothy Evelyn 
(Mrs. Frederick Page), all residents Glen Ridge; also two brothers, 
Herman and Wallace Donham, and sister, Agnes Donham. 

Mr. Donham was elected Associate Member the American Society 
Civil Engineers January 1901, and Member March 31, 1908. 


GEORGE ALEXANDER MILLER ELLIOTT, Am. Soe. 


Diep 23, 1934 


George Alexander Miller Elliott was born October 21, 1880, Welling- 
ton, New Zealand, the son Robert Elliott and his wife, Isabel Elliott, 
née Booth. 

child came San Francisco, Calif., with his parents, and 
attended the public schools Berkeley, Calif. His collegiate education was 
obtained the University California, Berkeley, and the University 
Colorado, Boulder, Colo. was graduated from the latter 1904 with 
the degree Bachelor Science Electrical Engineering. 

Immediately following graduation Mr. Elliott entered the Testing Depart- 
ment the General Electric Company, Schenectady, Y., where 
took the requisite ten months’ course, returning San Francisco upon its 
completion. 

During the next four years his engineering work was for the most part 
connection with the design and construction high-tension electric trans- 
mission lines New Mexico and California. the latter State made 
surveys and acted Construction Foreman for the Pacific Gas and Electric 
Company, secured the right way for high-tension tower transmission 
line from the Feather River San Bay for the Great Western 


*Memoir prepared Herrmann and George Pracy, Members, Am. Soc. 
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Power Company, and was Superintendent Construction this line for 
Viele, Blackwell, and Buck. 

June, 1909, Mr. Elliott accepted the position Superintendent 
Operation and Maintenance the Spring Valley Water Company, serving 
domestic water the City San Francisco and its environs. Subsequent 
this date, his work was hydraulics, either Engineer, Constructor, 
Executive. remained with the Spring Valley Water Company for twenty- 
one years, serving, successively, Superintendent, Chief Engineer, Vice- 
President, and Manager, with outstanding ability. 

When the City San Francisco acquired the properties the Spring 
Valley Water Company 1930, declined continue Manager 
the System, and entered private practice Consulting Engineer, asso- 
ciating himself with Edward Haas and Frederick Herrmann, Members, 
Am. Soc. E., with offices the Merchants Exchange Building, 
San Francisco, where was busily engaged the practice his profession 
the time his unexpected death. 

The Spring Valley Water Company made many large additions and 
improvements under Mr. Elliott’s direction Chief Engineer. Among these 
was the construction the Calaveras Dam and Storage Reservoir, with the 
Upper Alameda Diversion; number large pumping plants and transmis- 
sion mains; the development the underground waters Livermore Valley; 
and revamping the distribution system San Francisco. was with 
the Spring Valley Water Company during critical period its history— 
times fraught with rate-fixing and litigation, together with the threat 
the installation competitive municipal system. was then that his 
characteristic fairness, firmness, and sound judgment were strikingly dis- 
played. was direct methods and reasoning, never permitting non- 
essentials make problem situation complex. 

1917, acted Supervising Engineer, United States Army, the 
construction Camp Fremont, Palo Alto, Calif., and the tri-nitro- 
toluene (T.N.T.) plant, Giant, Calif. 

During his career Mr. Elliott was called Consulting Engineer 
one time another practically all the privately owned public utilities 
California. 

From 1914 1930, was engaged Consulting Engineer for the San 
José (Calif.) Water-Works. supervised the plans and construction 
the principal improvements made thereto, including the pumping stations and 
four reservoirs. 

Beginning 1920 served member the Board Consulting 
Engineers for the State Engineer California the study the water 
resources the State and their comprehensive development, which, 1931, 
culminated the proposed State Water Plan for the great Central Valley 
California, with estimated cost $170 000 000. 

While private practice Mr. Elliott was called upon serve many 
undertakings. Among the important engagements were the following: 
tigating the safety many dams for the State California; serving 
Consulting Engineer for the Los Angeles County Flood Control District 
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the construction the San Gabriel River Dam estimated cost about 
acting Arbiter the case Rolandi versus the State 
California fix payments for the construction the Klamath River Bridge; 
making exhaustive study and report for the City San Francisco 
the future water requirements the San Francisco Bay region, the water 
productivity near-by sources supply, and utilization conjunction 
with the Tuolumne River supply. 

the time his death Mr. Elliott was actively engaged Consulting 
Engineer for the Orange County Flood Control District the preparation 
plans for large flood-control reservoirs. 

Mr. Elliott was very active the affairs the San Francisco Section 
the Society, serving its President during the year 1923. served 
the Committee the Section which effectively and efficiently handled its 
funds for the aid and relief engineers distress the San Francisco 
Bay region during the depression. 

was member the American Water Works Association, organizing 
the California Section this Association 1920, and serving its 
President for the first three years thereof. 

Mr. Elliott was member the University Club, the Family Club, and 
the Engineers Club, all San Francisco. held membership the fol- 
lowing fraternal organizations: Alpha Tau Omega College Fraternity; 
Berkeley Lodge No. 363, Free and Accepted Masons; California Bodies 
the Scottish Rite; and Islam Temple San Francisco. 

Always interested civic affairs, was active member the Indus- 
trial Committee the San Francisco Chamber Commerce. 

Mr. Elliott was married October 12, 1909, Rosemary Zeile, who 
survives him. 

was staunch citizen, notably fair and firm, but withal generous, 
kindly, and understanding, having high conception proper ethics his 
chosen profession. 

Greatly loved his many friends, and highly respected his brother 
engineers, the Engineering Profession the Pacific Coast suffered great 
loss his untimely demise. 

Mr. Elliott was elected Associate Member the American Society 
Civil Engineers September 1911, and Member June 24, 1914. 


FRANK WILLIAM FLITTNER, Am. 


26, 1935 


Frank William Flittner was born Visalia, Calif., August 14, 1893, 
the son Henry Flittner and Mary (Ames) Flittner Trimble. 
attended the Lowell High School, San Francisco, Calif., and was graduated 
from the University San Francisco (St. Ignatius College), with the degree 
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Bachelor Science Civil Engineering, 1916. During the last few 
years had taken Correspondence Course Law with the Blackstone Insti- 
tute and received the degree Bachelor Laws 1933. 

After his graduation from the University San Francisco, Mr. Flittner 
worked with the Shell Oil Company for time. May 1917, entered the 
United States Army Second Lieutenant, 4th Engineers. the Army 
served Vancouver Barracks, Washington, Camp Greene, North Carolina, 
and France, where was wounded during engagement Ypres, 
August, 1918. 

Following his discharge from the Army First Lieutenant, May 
1919, Mr. Flittner had engagements with Rolandi, Contractor; the Stand- 
ard Oil Company California; and the Hawaiian Sugar Refining 
tion, engineering construction. was also employed the California 
Railroad Commission, and the Cities Berkeley, and San Diego, Calif., 
valuation and assessment work. 1929 and 1930, was engaged private 
practice various surveying and estimating projects. 

entered the service the United States Department Agriculture, 
Bureau Public Roads, February 1931, Associate Construction Engi- 
neer, with headquarters Phenix, Ariz. this service, was assigned 
Supervising Engineer highway work Southern Arizona and South- 
eastern California. During his connection with the Bureau, was careful 
and thorough, and continually strove for high standards all work coming 
within his supervision. 

Frank Flittner will long remembered District No. the Bureau 
Public Roads for his engineering ability, sterling character, and agreeable 
personality. spite periods ill health and physical weakness, carried 
his work with diligence. 

Mr. Flittner was Mason, Knight Templar and member Islam 
Temple Shrine, San Francisco, Calif. was also member the 
American Association Engineers and the Society American Military 
Engineers. 

Death came unexpectedly after only short illness, although had had 
periods poor health for several years. survived his widow, 
Genevieve Perrin Flittner, whom was married May 1917, and 
his mother, Mrs. Mary Trimble. 

Mr. Flittner was elected Junior the American Society Civil Engi- 
neers November 21, 1921, Associate Member March 12, 1923, and 
Member October 30, 


WESTON EARLE FULLER, Am. Soc. E.* 


Diep 22, 1935 


Weston Earle Fuller, the son William and Dora (Howard) Fuller, 
was born Phillips, Me., July 27, 1879. received his early 
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the public schools Portland, Me., and his engineering education Cor- 
nell University, Ithaca, Y., which 1900 conferred upon him the degree 
Civil Engineer. was member the Alpha Tau Omega Fraternity. 

After graduation served Instructor Civil Engineering Cornell from 
1900 1902, and was then employed Assistant Engineer the Ithaca 
Water Company from 1902 1903. was connection with the building 
and operation this very early example mechanical filter plant that 
first came contact with the laté Allen Hazen, Am. Soc. E., and this 
association was destined shape the course the early part his engineering 
career. 

From Ithaca, Mr. went Watertown, Y., Resident Engineer 
for Hazen and Whipple the construction the mechanical filtration plant 
that town, and upon the completion this work was transferred 
Poughkeepsie, Y., superintend the building slow sand filtration 
plant for the State Hospital for the Insane. 

result the excellent work done for Hazen and Whipple the field 
supervision these various plants, was brought the New York Office 
Chief Draftsman charge all details design. His progress there 
was rapid and, the end two years, 1907, became Junior Partner 
and began assume more and more responsibility, extending his activities 
from the direct supervision design the making field inspections for 
new projects and the preparation reports and direct contact with clients. 

His acquaintance the water-works field and his experience increased 
rapidly, and January 1915, the special value his services was recog- 
nized the inclusion his name the firm, which became Hazen, Whipple 
and Fuller, and this arrangement continued until September 1922, when 
resigned, and accepted the Professorship Civil Engineering Swarthmore 
College, Swarthmore, Pa. 

The period his association with Mr. Hazen was one development and 
progress, first devoted the practical problems design and the construction 
new works, and, later, work valuation and rate-making. During this 
portion his life Mr. Fuller traveled over most the eastern part the 
United States and Canada, studying the water and sewerage problems 
various communities and companies. had much with the design 
the slow sand filtration plant Toronto, Ont., Canada, and prepared, 
the ground, the plans and specifications for two new mechanical filtration 
plants Ottawa, Ont., Canada. Neither the latter was built, however, 
due political controversy. 

the United States Mr. Fuller had full charge the design and build- 
ing the new water-works, Ogdensburg, Y., additional works 
Watertown, the slow sand filters Peekskill, and Yonkers, Y., and took 
prominent part the design the new water supply for Springfield, Mass., 
and the new 42-in. main from Lake Sebago Portland, Me. also devel- 
oped all the main features report the Passaic Valley Sewer, 
New Jersey, which was actually built some years later, and another 
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large sewage disposal plant for Pittsburgh, Pa., proposed for location 
Neville Island. 

During this time Mr. Fuller took over all the work the firm 
and designed the first filtration plant, the gravity rapid sand type, West 
Palm Beach, with the pumping station and other additions this 
served the Miami Water Company for several years the solution 
its problems, and laid out the water and sewerage works for the newly 
developed Miami Beach area. was responsible for the interesting and 
unique method disposing sewage Miami Beach pumping into 
the rapidly flowing outgoing current the sea channel ebb tide. 

1913, Mr. Fuller presented two papers great value and interest 
those engaged water-works practice, the first which, entitled “Flood 
Flows” was presented before the Society, and the second, entitled “Loss 
Head was read meeting the New England Water Works 
Association. His paper “Flood Flows”, for which, 1914, received the 
Fuertes Graduate Medal from Cornell University, represented the result 
much careful research, being analysis all the data available that time 
the extent and frequency the occurrence floods. Empirical formulas 
were deduced, giving concrete expression the results these analyses, 
which have been quite generally used throughout the United States and are 
known internationally. perhaps through this research floods and the 
formulas for estimating their probable size, that Mr. Fuller had become best 
known throughout the Engineering Profession. 

Although the early years his work with Mr. Hazen were spent mostly 
the practical problems design, construction, and operation water- 
works plants, Mr. Fuller found his greatest interest and was most successful 
valuation and rate-making cases. began this work time when 
the practice was relatively new and ideas regarding such matters, particu- 
larly the proper allowances for depreciation, were not nearly well crystallized 
present. Mr. Fuller was one the pioneers establishing more 
general understanding these abstruse questions, and, the years went 
on, devoted more and more his time them. The first case impor- 
tance carried through directly him for his firm was the rate case the 
Hackensack Water Company. Another case importance which Mr. 
Fuller was principal expert the side the consumer was that against 
the Commonwealth Water Company New Jersey, and also one against the 
Interurban Water Company, Westchester, Most Mr. 
valuation and rate-making work was expert the interest the 
municipality consumer, but Durham, C., represented the Durham 
Water Company and also did considerable work for the Miami Water 
Florida. During the later years his association with Mr. 
Hazen, Mr. Fuller’s time was almost entirely given valuations, rate cases, 
and damage suits. 


Transactions, Am. Soc. Vol. LXXVII (1914), 564. 
Journal, New England Water Works Assoc., Vol. (1913). 509. 
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During the early part this country’s participation the World War, 
Mr. Fuller served the Staff the Adjutant General the State 
New York, ranking Captain the Engineer Corps. 

Later, representing his firm—Hazen, Whipple and Fuller—he headed 
Staff Engineers Camp Dix, Wrightstown, J., the design and 
supervision construction, the water and sewerage systems. 

Following acceptance 1922 invitation head the Civil Engineer- 
ing Department Swarthmore College, was made Chairman the Divi- 
sion Engineering that college 1924. During this period continued 
substantial outside work largely valuation and rate-making cases 
and including services the side the municipality the case the City 
Elizabeth, J., against the Elizabethtown Water Company, certain 
other communities New Jersey against the Middlesex Water Company, 
and the case the Village Mamaroneck, Y., and other communities 
against the Inter-Urban Water Company. During this time, also, did 
substantial work for the Legal Department the Board Water Supply 
the City New York, and also represented the North Jersey District 
Water Supply Commission suits arising result the building the 
Wanaque Reservoir. 

Although successful Professor Swarthmore College, the increasing 
demand for his services Expert Adviser such cases those just men- 
tioned, led him, June, 1929, resign from the Faculty Swarthmore 
College and once more devote himself entirely private practice. From 
this time until May 1931, carried private consulting practice with 
headquarters Swarthmore. Much his work was for New York City, 
but perhaps the largest and most interesting project was the taking over 
the properties the Passaic (N. J.) Consolidated Water Company the 
newly formed Passaic Valley Water Commission. this case his services 
and those several other engineers resulted obtaining from the Condemna- 
tion Commission award closely approximating that given their valuation. 
Out this association came contract between Mr. Fuller and Frank 
Barbour, Am. Soc. E., and the Passaic Valley Water Commission for 
engineering services the design and construction substantial additions 
the plant, including complete rehabilitation the pumping station. 

From 1928 1930, Mr. Fuller represented the State Massachusetts 
the Massachusetts-Connecticut case the Connecticut River. 1930, 
when the Tri-State case the Delaware River came before Special Master 
Bruch, representing the Supreme Court the United States, Mr. Fuller was 
retained represent the water power interest for New York State. 

May 1931, Mr. Fuller formed partnership with Chester 
Everett, Am. Soc. E., the remaining partner the firm Hazen 
and Everett the death Mr. Hazen July, 1930. This partnership with 
Mr. Everett continued until the time Mr. Fuller’s death. 

During his association with Mr. Everett, Mr. Fuller’s activities were 
mostly connection with the work revamping the properties acquired 
the Passaic Valley Water Commission, total cost more than 000 000, 
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and looking after several power-damage suits for the New York Board 
Water Supply and the Metropolitan Water Board Boston, Mass. was 
also employed during this period Engineering Expert advise the Water 
Rate Case Committee water-rate case against the Commonwealth 
Water Company New Jersey. The work was still progress the time 
his death. 

Mr. Fuller was member the American Water Works Association, 
Sigma Xi, Engineers, Engineers’ Club, Philadelphia, Pa., and 
Alpha Tau Omega, New York. 

Fuller and his daughter, Ada Palmer Fuller, survive him. son—Weston 
Earle Fuller, 1927, the age 14. 

Mr. Fuller was elected Associate Member the American Society 
Civil Engineers June 1905, and Member December 


HARRY CARTER GARDNER, Am. Soc. 


January 23, 1935 


Harry Carter Gardner was born December 11, 1881, Adams County, 
Nebraska, the son William and Eva (Carter) Gardner. After his 
academic schooling, Mr. Gardner entered the University Colorado, 
Boulder, Colo., from which was graduated with the degree Bachelor 
Science Civil Engineering 1906. 1909, received the degree Civil 
Engineer from the University. 

Mr. Gardner. began his professional career Structural Steel Draftsman 
with the American Bridge Company, followed similar employment with 
the Bowles Structural Steel Works. was afterward Assistant Engi- 
neer irrigation surveys Eastern Oregon, and, the completion this 
work, was Structural Steel Draftsman with Sheely, Bridge Con- 
tractor, Denver, 

September, 1908, Mr. Gardner returned the University Colorado 
where was Graduate Student and Assistant Instructor. From September, 
1909, until June, 1912, was Instructor Civil Engineering the Univer- 
sity Pennsylvania, Philadelphia, Pa. Mr. Gardner was engaged 
designing and estimating all kinds structural steel buildings and bridges 
with Lewis Shoemaker and Company, Pottstown, Pa., from June, 1912, 
until February, 1915. 

became Chief Engineer with the firm John Wickersham, Engi- 
neering and Construction, Lancaster, Pa., February, 1915. acquired 
interest this business, and his intimate association with the writer con- 
tinued until his death. 
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Throughout his life Harry Carter Gardner proved the value Christian 
engineer. His technical opinions and designs were always sound, and his 
integrity was always above question. 

July 1910, was married Jane Graham, Philadelphia, Pa., 
and them were born the following sons and daughters: Harry Graham, 
Richard Carter, Betty Jane, Barbara Mary, and Carter Samuel, who, with 
his widow, survive him. 

Mr. Gardner was elected Junior the American Society Civil Engi- 
neers July 1909; Associate Member, November 12, 1913; and 
Member, June 12, 1917. 


ALLAN VINAL GARRATT, Am. Soc. 


Diep 30, 1932 


Allan Vinal Garratt came from very early American stock. his 
father’s side, Peter Hallock reached this country from London, England, 
1640;.the Garratts were but little later, while the distaff side there were 
several generations Vinals before the Revolutionary War, and representa- 
tives both sides the family were prominent Colonial affairs and the 


Revolutionary and Civil Wars. 

Born Boston, Mass., December 11, 1857, the son Dr. Alfred Charles 
Garratt, Boston physician, surgeon, and medical author note, and 
Martha Bowker (Vinal) Garratt, Allan Garratt, while means 
invalid, was not particularly strong, and his early education was acquired 
largely private schools, notably Chauncy Hall. From 1876 1879 was 
Special Student Massachusetts Institute Technology and Lawrence 
School, following this with special studies Harvard University 
botany and geology under the famous Professor Nathaniel Shaler. 
accompanied Professor Shaler, his Assistant, geological survey 
‘Kentucky. 

his return, the combined effects the death his mother, whom 
was particularly devoted, and the unfortunate outcome love affair, 
brought dangerous attack what those days was diagnosed “brain 
While still ill that had carried shipboard, sailed 
the historic barque, Sarah, the Azores. There regained his strength, 
and then sailed Maderia, where made important botanical studies. Here, 
too, made the acquaintance African sea captain and trader, sup- 
posedly dying. born doctor, although without the degree, Mr. Garratt 
nursed the sick man back health, and, 1880 and 1881, accompanied him 
trading and exploring expedition the Congo River Africa. Here 
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Mr. Garratt heard rumors Alfred Aloysius Smith, later become famous 
“Trader Horn”, but although the two expeditions came within short 
distance each other, the men did not actually meet. 

The African trip was followed 1883 and 1884 engagement 
develop salt mine Santo Domingo. that Island made the 
examination and report the mine, including preliminary surveys for 
eighteen miles railroad and dockage facilities Barahona, and opened 
some the benches. The Company had many setbacks and difficulties, but 
eventually seemed the verge success, when, the course one 
the periodical revolutions the Island, party insurrectionists seized the 
plant just after the supply boat had left, and stripped everything portable, 
including the food. Mr. Garratt, who had suffered broken leg during the 
affray, rode horseback ninety miles without rest across the Island, and 
ceeded intercepting the boat, and getting return the plant, although 
his horse had shot. This, coupled with the loss important ship- 
ment, caused the Company abandon the mine. 

Returning the United States, Mr. Garratt set Consulting Engi- 
neer, with offices and interests Boston and New York, During this 
period—from 1885 1887—he also represented the Volta-Pavia Battery 
Company, for which made number installations; edited the periodical, 
Modern Heat and Light; and contributed technical articles the Electrical 
Review. 

His writings led his selection the first Secretary and Treasurer 
the then National Electric Light Association, later the Edison Insti- 
tute, which position held from 1887 1890, but was more concerned 
with the duties the office than its politics, that the latter year 
failed re-election. About this time served Chairman the first 
Committee draw Electrical Safety Code and the first Committee 
Wire Gauge Standards. 

October 20, 1887, had married Mary Charlotte Wilder, Boston, 
and with her shared many his next adventures, the scenes which were 
the deep West, then very much frontier country. went first 
Spokane, Wash., Chief Engineer the proposed Spokane and University 


Heights Electric Railroad. Crossing the country during the last important 


Indian uprising, Mr. and Mrs. Garratt saw settlers fleeing with their goods 
across the plains, and one memorable night the glow burning ranches 
could seen. 

The sudden death the head the group bankers handling the securi- 
resulted the abandonment the railroad project, and Mr. Garratt 
became connected with the Portland, Ore., Office the Thomson-Houston 
Company, installing for that Company hydro-electric plant for 
Waterville, Wash. was during this installation that first realized the 
need for accurate water-wheel governor for such plants, and began 
the study and research that led his great contribution Hydraulic Engi- 
neering. While still the West, revamped the electrical installation 
the Palace Hotel, San Francisco, 
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Returning Boston 1895, his next move was interesting example 
the part chance appears play life. Hearing that the Simplex Wire 
Company was for Plant Superintendent, Mr. Garratt went see 
about it. The position had already been filled, but the course conver- 
sation following this discovery, appeared that one the executives was 
interested water-wheel governor Mr. Lombard was develuping. Mr. 
Garratt, immediately realizing that his work along this line would admirably 
complement the Lombard studies, offered effect combination, and the 
Lombard Water-Wheel Governor, long the outstanding American 
the kind, was the outcome. 

From 1898 1920, was Chief Engineer for the Lombard Governor 
Company, the last eight years that period being General Manager. 
was responsible charge the design the governors, which about fifty 
types were developed, including the “actuator” design. far elements 
pertaining regulation were concerned, many were considerable intricacy 
and magnitude, involving much design flumes, stand-pipes, surge tanks, 
regulating chambers, fly-wheels, ete During his fifteen years with the Com- 
pany Mr. Garratt guided all construction and erection engineers the field. 

Refusing establish monopoly withholding from the Engineering 
Profession the details his research—a monopoly which could have been 
enormously profitable—Mr. Garratt freely placed the disposal all other 
workers his field the result his unique work, and this means made 
possible the development similar devices the larger water-wheel makers. 
The result was that became the custom for governors produced 
integral part the wheel unit, and the demand for separate governors was 
greatly diminished. The chief credit for the basic studies, however, belongs 
Mr. Garratt, fact evidenced both the Gold Medal awarded him person- 
ally the St. Louis Exposition “for notable work water-wheel governing”, 
and his articles the subject, notably the chapters contributed Mead’s 
“Water Power Engineering” and Lof and Rushmore’s “Hydro-Electric 
Power Stations”, and various papers before technical societies and the 
technical press. 

During the World War served Washington, C., and the Naval 
Proving Grounds Boston Harbor experimental work artillery fire- 
control devices, developing particularly firing mechanism for anti-aircraft 
guns. also served Public Safety Commissioner, Fuel Administrator, 
and Treasurer the Young Men’s Christian Association fund his home 
town, Holliston, Mass. 

Following his departure from the Lombard Governor Company 1920, 
Mr. Garratt served Lockwood, Green and Company, Boston, Construc- 
tion Engineer, working surveys, reports, and preliminary designs 
number proposed water-power developments, including preliminary work 
eight propositions develop about 380000 gross hp. Later, returned 
private consulting practice taking also the work Eastern States Repre- 
sentative the Redwood Manufacturers Company, San Francisco, for 
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which designed redwood pipe lines. was thus engaged within 
short time his death. 

For Allan Garratt adverse fate seemed always have set definite 
bounds which were wholly without reference his ability, energy, 
brilliant engineer, whose contribution his special field hydraulics 
afforded notable and permanent advances, man untiring energy and 
enthusiasms, unshakable courage and astonishingly wide range knowl- 
edge, great executive and born leader, and with marked business ability 
many directions, suffered, nevertheless, the misfortune through life 
repeatedly becoming connected with projects which gave every promise 
most prosperous outcome, only fail more less completely because some 
unanticipated and indeed unforeseeable turn fortune entirely beyond his 
control. 

His professional experience, his extensive travels, and his wide range 
reading, coupled with excellent memory, provided him with rich 
fund information, and gave his opinions, professional otherwise, well- 
deserved weight. acquaintance once put it: “Garratt always sure 
himself and the worst is, always right.” 

Excelling sports calling for agility and skill rather than great physical 
strength, was superb horseman, fine fencer (having studied under 
Zalinski, the Massachusetts Institute Technology), and expert marks- 
man. also enjoyed fishing and sailing. until year two his 
death always appeared much younger than his actual years, and the last 
months his life his splendid courage overcoming the infirmities his 
physical condition was inspiration many who were ready give with 
less contend with. died almost “with his boots on”, ready almost 
the very last hour his office and deal with the engineering problems 
knew awaited him there. 

member the time his death, the American Institute Electrical 
Engineers, the American Society Civil Engineers, the Harvard Engi- 
neering Society and the Society American Military Engineers, had 
previously held membership, and, was characteristic his membership 
any organization, had been very active the Boston Natural History Society, 
the Boston Scientific Society, the Boston Society Arts, and num- 
ber other scientific and social societies. Mason, was member 
Mount Hollis Lodge, Holliston. 

Besides his widow, Mr. Garratt left two daughters, Helen Lucy (Mrs. Alden 
Hoag) and Myrtis Manning (Mrs. Albert McManus), and four 
grand-children. 

The records hydro-electric development the United States bear wit- 
ness his professional ability; him man better characterization 
can given than the expression the time his death number 
friends, widely separated and obviously quite independently: “He was 
gallant gentleman.” 

Mr. Garratt was elected Member the American Society Civil 
Engineers March 1921. 


MEMOIR XANTHUS HENRY GOODNOUGH 1565 


XANTHUS HENRY GOODNOUGH, Am. Soc. 


Aveust 10, 1935 


Xanthus Henry Goodnough, the son Xanthus and Kate (Harley) 
Goodnough, was born Brookline, Mass., October 23, 1860. prepared 
for college the Brookline High School and was graduated from Harvard 
University 1882. During his college course, not only was his scholastic 
record good, but was also prominent athletics, for four years being 
stroke his Class crew which reputed have won all its races, 

After his graduation Mr. Goodnough was employed for short time the 
Boston (Mass.) Main Drainage Commission, and then general railroad 
work the West. Returning Massachusetts 1885, worked with the 
Massachusetts Drainage Commission investigations concerning the North 
Metropolitan Sewerage System. 1886, entered the employ the State 
Board Health Assistant the late Frederic Pike Stearns, Past- 
President, Am. Soc. E., Chief Engineer, and upon Mr. Stearns’ resigna- 
tion, 1895, Mr. Goodnough was made Chief Engineer the State Board 
Health. This position held until 1914 when upon the re-organization 
that Board became Chief Engineer and Director the Division 
Sanitary Engineering what now the Department Public Health, and 
this position until, owing age limitation, was retired 
October, 1930. Upon his retirement, Mr. Goodnough invited Bayard Snow, 
Am. E., join him forming engineering organization which, 
under the name Henry Goodnough, Incorporated, has continued engi- 
neering practice, principally the fields water supply and sewerage. 
this way, Mr. Goodnough kept touch with engineering and sanitary matters 
his final illness. 

During the thirty-five years that was Chief Engineer the Board 
Health and the Department Public Health, guided that Board and 
Department ably and efficiently matters water supply, sewerage, sewage 
disposal, improvement rivers, etc., and served Engineer some the 
largest and most important public health investigations and projects ever 
undertaken the State. this character began, stated previ- 
ously, Assistant the late Mr. Stearns during the investigations and 
the development the plan for the establishment the Metropolitan Water 
Supply System for Boston and the surrounding cities and towns. Thirty 
years later, from 1919 1922, was Chief Engineer Joint Board 
which investigated the enlargement this Metropolitan Supply extending 
the system the Ware and Swift Rivers. His recommendations relative 
this extension were contained elaborate and able report. His plan 
for enlarging the System was first rejected, and second commission pro- 
posed entirely different plan. Finally, after extended legislative hearings 
and much controversy between the proponents these two plans, Mr. Good- 
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nough’s plan was adopted. Throughout these hearings displayed the same 
able and adroit always evident his work. Upon the formation 
the Metropolitan District Water Supply Commission carry out this 
project, was appointed one its Consulting Engineers and after his 
retirement October, 1930, through Henry Goodnough, Incorporated, 
continued render services that capacity, even the time his death. 

Among many other investigations made Mr. Goodnough, the following 
may mentioned typical his work: 1895, had charge engi- 
neering work for improving the Concord and Sudbury Rivers and the rebuild- 
ing bridges over these streams; from 1895 1897, had charge the 
investigations for the improvement the Neponset River and the Fowl 
Meadows, and from 1911 1915, was Engineer for the construction 
this work; 1896, had general charge investigation for sewerage 
system for Salem and Peabody, Mass.; 1899 and 1900, had charge 
further investigations for main sewer for the South Metropolitan District 
and new outlet into Boston Harbor; 1906 and 1907, had charge 
studies for the improvement the Mystic River and Alewife Brook well 
designs for the improvement the water supply the City Lym, 
Mass.; 1914, made plans for the extension the Metropolitan Sewerage 
System the Charles River Valley; 1916, he, jointly with the City Engi- 
neer Lynn, planned new sewerage system for that city; from 
1927, was charge various special investigations for water supplies 
for Lawrence, Lowell, and Methuen, Mass.; and during the same years 
had charge planning general sewerage system for Salem, Peabody, 
Beverly, and Danvers, Mass. 

Apart from his work for the Commonwealth Massachusetts, Mr. Good- 
nough was from time time Consultant for various municipalities and water 
and sewerage districts concerning water supply, sewerage, and other sanitary 
engineering matters; among these, during 1907 and 1908, for the City 
Boston, regard municipal waste disposal; during 1914 for the City 
Providence, I., regard water supply, and for the Metropolitan 
Sewerage Commission New York, Y.; and during 1926 for the County 
Los Angeles, California, concerning sewerage. 

uccount his intimate knowledge all water supplies, sewerage sys- 
tems, and rivers the State and his direction engineer- 
ing studies for the solution great variety sanitary problems, was 
pre-eminently known expert public health engineering. His mastery 
methods within his field made him commanding figure legislative 
committees before which was often called consultation and advice, 
and was alert and skillful presenting his point view before these 
committees. was efficient executive and understood the delicate art 
human engineering, how deal with men and how get things done. 
was lover mountains, streams, and outdoor life, ardent 
fisherman, and good companion. 

Mr. Goodnough was the author papers various engineering sub- 
jects, including rainfall, stream flow, freshets, yield water-sheds, ground- 
water supplies, drainage, disposal sewage and municipal refuse, and, 
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1921, was the recipient the Dexter Brackett Memorial Medal the New 
England Water Works Association for his paper “Rainfall 
New England.” 

was Honorary Member the American Water Works Association, 
and the New England Water Works Past-President the 
Harvard Society; and member the Boston Society Civil 
Engineers, the Society American Military Engineers, American Meteoro- 
logical Society, and the American Geographic Society. 

October 1892, was married Maria Dyer, who died 
January 18, 1925. 

Mr. Goodnough was elected Associate Member the American Society 
Civil Engineers May 1896, and Member June 1902. 


WILLIAM CHARLES GOTSHALL, Am. Soc. E.* 


20, 1935 


William Charles Gotshall, Engineer and Scientist, was born St. Louis, 
Mo., May 1870, the son Daniel and Minnie (Wortmann) Gotshall. 
His great-great-grandfather, Michael Gotshall, Lancaster County, Penn- 
sylvania, was attached Washington’s Headquarters Valley Forge and 
while military duty lost his life crossing the Schuylkill River. His 
grandfather, Daniel Gotshall, was officer both the Mexican and Civil 
Wars. His father served Company 4th Ohio Volunteer Infantry, the 
Civil War and, later, was first newspaper editor and afterward publisher 
law books St. Louis. 

William Charles Gotshall worked the office his father’s Publishing 
Company copy-holder and type-setter. Meanwhile, took intensive 
course study under private tutors mathematics, electricity, and engi- 
neering, and began his professional career Draftsman the Metzger 
Iron Works, St. Louis. Later, was engaged Engineer railway 
location and construction and, 1892, entered the employ the Missouri 
Electric Light and Power Company, St. Louis, one the pioneer alter- 
nating-current electric light and power plants (1000-volt) the United 
States. was this time that laid the foundation for his career 
Electrical Engineer and engaged much important original research and 
development work. While with this Company Mr. Gotshall made the first 
1000-hr incandescent lamp test for life and efficiency, using lamp board 
starting with 1000 sixteen candle-power incandescent 

Through the wide interests the Company’s President, Samuel Dodd, 
Mr. Gotshall branched into the field electric railways and soon became 
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recognized expert and authority design, construction, and operation. The 
graphic method showing construction and operation variations and 
ties was first utilized him; soon came into general use and now 
the universal practice construction work almost every field industrial 
and scientific activity. 

During 1893 was Government Engineer charge of*the work 
riprapping and protecting 150 miles banks the Mississippi River. 
1894, Chief Engineer for the Union Depot Railway Company, St. Louis, 
rebuilt and electrified the road, making the pioneer installation the 
three-wire system electric railroads. this system, which can only 
used double-track roads, the track serves the neutral wire. The current 
passes from one wire over one track downward through the car the rails 
beneath, then rises through the rails and car the parallel track the 
negative wire above, thus completing the circuit balanced condition and 
giving each over-head wire and track voltage about 550 with total 
line voltage about 1100. Although the system made large saving 
copper and eliminated electrolytic action gas and water pipes, and was 
successful St. Louis, the necessity using dynamos series and other 
mechanical difficulties, militated against its general adoption. 

Later, Mr. Gotshall had charge the location the St. Louis and 
Eastern Railroad; the rebuilding and operation the Cairo Electric 
Railway; the design and the Belleville Electric Railway; 
the Marshalltown (La.) Railway and Lighting Plant; Muncie (Ind.) 
Electric Railway; and the Grand Avenue Railway, St. Louis. was 
also Consulting Engineer the construction the St. Charles Railway, 
New Orleans, La. During 1897 and 1898 had charge the conversion the 
Second Avenue Railway, New York, Y., from horse-car conduit elec- 
tric system, and then became President and Chief Engineer the New York 
and Port Chester Railroad, which designed and constructed, introducing 
pioneer improvements high-speed electric traction. The Port Chester line, 
costing was the first high-speed electric railway the United 
States built entirely its own right way and entirely without grade 
crossings. After the completion this railway 1912, Mr. Gotshall engaged 
the purchase and rehabilitation railroad properties the United States, 
Europe, and Africa, designing among others, road from Cairo Helouan, 
Egypt. 

Notwithstanding his varied and widespread professional interests Mr. 
Gotshall devoted much time activities and traveled extensively 
the promotion biological, geographical, and research and 
exploration. Some his most important work this character was explo- 
ration and development activities Alaska, behalf the United 
States National Park System, and also the Near East. Beginning 1925 
was associated with Dr. William Bade explorations 
and excavations Palestine where the site the ancient Biblical City 
Mizpah Benjamin was unearthed eight miles north Jerusalem; and, 
1926, terra cotta head Astarte, the Babylonian Venus, was found, the 
age which reckoned nearly 3000 yr. The limestone and 
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wall this ancient city was found thick the thick 
the top, and approximately high. narrow inner wall was also 
unearthed, and pottery the Iron Age, storage bins, Israelitish sanctuary, 
and new double-cup type Semitic pottery were found. The most impor- 
tant find was jar handle which was stamped seal with three Hebrew 
letters meaning Mizpah, proving definitely that there had been discovered 
the correct ancient site the Biblical Mizpah Benjamin. 

Mr. Gotshall was also active athletic sports, rowing, fencing, boxing, 
and wrestling. was one the most skillful fencers the United States, 
having won many medals with both the dueling sword and saber, including 
the National Championship each. was also big game hunter, indulg- 
ing that sport China, Mexico, Alaska, British Columbia, and the Cana- 
dian Rockies, and many exhibits his skill are view the New York 
Athletic Club, Travers Island, New York, given the Club Mr. Gotshall. 
had climbed all the glaciers the Canadian Rockies and had ascended 
Yungfrau Yoch, Switzerland, well the Chamonix Mountain, 
France. was also interested aviation, and was expert swimmer, 
being recipient the United States Life Saving Medal. 

Among his diversions was the collecting paintings and first editions 
books which had splendid collection, and which were left will 
the State Library, Albany, 

the World War period, was Major Engineers, Army, serv- 
ing Technical Transportation Expert the laying out and construction 
military roads, railroad design and construction, and the construc- 
tion Army camps. 

was the author “Electric Railway Economics” (1904); the article 
Railway Economics the Encyclopedia Americana; and contributions 
technical and scientific journals. was also deeply interested helio- 
therapy and two pamphlets, “Fasting and Efficiency” and “Heliotherapy 
with Fasting”, pointed out the virtues abstemious eating with occasional 
periods fasting and frequent sun baths. 

Mr. Gotshall was Fellow the American Museum Natural History 
and the American Geographical Society. was also member the 
American Institute Electrical and the American Association 
for the Advancement Science. was 33d Degree Mason, and life 
member the Explorers, Lotos, and New York Athletic Clubs; the Auto- 
mobile Club America; Olympic Club, San Francisco, Calif.; the Royal 
Automobile Club, London, England; the Union Interalliée, Paris, 
France; and the Army and Navy Club, New York City. was 
accomplished linguist, speaking and writing German, French, Italian, and 
Spanish, addition his native language. 

Dowered with strong body support any degree hardship and effort, 
had fertile vision and bold energy carrying out his purposes, Such 
career his calls out powerful opposition from many able men and well- 
intrenched interests. everything uphill fight, struggled 
forward against overwhelming odds success, and many successes. 
was not bitter during the fight, nor boastful victory. opposed his 
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enemies without hate; loved his friends loyally; valued money for the 
service enabled him render, and valued fame not all. His world 
was active world realities, and everything interested him, calling forth 
dynamic response. Human problems interested him and mastered 
languages deepen his contacts with his fellow men. 

Largely self-educated, Mr. Gotshall lectured several universities and 
aided their research progress—notably Rensselaer Polytechnic Institute, 
Troy, Y., and Lehigh University, Bethlehem, Pa. His lectures the 
economics electric railway engineering were published the book 
ously mentioned, which filled long-felt want engineering literature. 
the Massachusetts Institute Technology, was one the Aldred 
Lecturers, and became valued friend President Stratton. his will, 
generously remembered schools and educators. His love life urged him 
study the art living; and wrote many papers health and diet. All 
who knew his able mind and vigorous personality will feel lack their 
lives that other friend may replace. The great frame and warrior face, 
with its bold earnest expression—the record fighting life—formed 
inspiring picture. 

was married September 15, 1897, Countess Adelaide von Rathgen, 
who died August 29, 1935. 

Mr. Gotshall was elected Member the American Society Civil 
Engineers May 1902. 


FREDERICK PASSMORE GUTELIUS, Am. 


Diep SEPTEMBER 12, 1935 


Frederick Passmore Gutelius was born Mifflinburg, Pa., December 24, 
1864, the son Jacob and Mary (Passmore) Gutelius. was descendant 
the fifth generation John Peter Gutelius, Physician and Surgeon, who 
came from France 1750 and qualified Philadelphia, Pa. 

Mr. Gutelius received his preparatory education the schools 
and, later, attended Lafayette College, Easton, Pa., receiving 
his degree Civil Engineer 1887. 1914, the degree Doctor Science 
was conferred upon him the same college. was Captain the football 
team 1886. 

began his career 1887 Assistant Engineer the construction 
the Englewood, J., Sewerage System, joining the Pennsylvania Rail- 
road Company 1888 Assistant Engineer charge the reconstruction 
the Tuscarawas Tunnel Ohio. Later, was attached the Main- 
tenance-of-Way Department that Company until June, 1890, when went 
West, spending five years Montana, first Assistant Engineer the 
Flint Creek Power Development, Butte, where remained for yeat. 
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For short time during 1891, was Assistant Engineer with the Butte 
City Water Company, and during 1892 was the private practice Civil 
Engineering that city. For three years, from 1893 1895, was County 
Surveyor Silver Bow County, Montana. 

Mr. Gutelius went Canada November, 1895, General Superinten- 
dent Construction and Operation the Trail Creek Tramway, Trail, 
C., which capacity remained until the end 1896, after which 
was, from January, 1897, March, 1898, General Superintendent charge 
construction and operation the Columbia and Western Railway. 
March, 1898, was appointed Superintendent, Canadian Pacific Railway Com- 
pany, charge operation and maintenance the Columbia and Western 
Division, and from June, 1899, June, 1900, served Resident Engineer, 
Nelson, From 1900 1902 was special work, reporting the 
Vice-President the Canadian Pacific Railway Company, Montreal, Que. 
His progress thereafter with the Canadian Pacific was rapid. was 
appointed Engineer Maintenance Way the System 1902; four 
years later was promoted Assistant Chief Engineer the System, 
which position remained until August, 1908, when was appointed Gen- 
eral Superintendent the Lake Superior Division, North Bay, Ont., 
and subsequently, for short period, held the same position charge the 
Eastern Division the System Montreal. 

January, 1912, Mr. Gutelius was selected one the Commissioners 
Royal Commission appointed investigate expenditures and other 
matters connection with the construction the National Transcontinental 
Railway, and the abolition the Government Railways Managing Board, 
May, 1913, was appointed General Manager the Canadian Govern- 
ment Railways, with all powers usually vested the executive railway 
corporations, reporting the Minister Railways and Canals Canada. 

resigned this position May, 1917, his appointment Vice-Presi- 
dent the Delaware and Hudson Company, with headquarters Albany, 
the taking over the management the railways the United 
States Railroad Administration during the World War, was appointed 
Federal Manager the Delaware and Hudson Railroad Company. the 
relinquishment that control March 1920, Mr. Gutelius was appointed 
Vice-President and General Manager the Company and its allied properties. 
the latter part 1920, was retained the Ontario Government Com- 
mission inquiring into the proposed hydro-radial railway system. 1923, 
was appointed Resident Vice-President the Delaware and Hudson Rail- 
road Company Montreal, which capacity remained until his death. 

During his this latter position, Mr. Gutelius established 
many friendships, and his loss felt most keenly. was gentleman 
quiet bearing, but had great decision character, and had earned inter- 
national reputation engineer and railway executive. was capable, 
useful, and respected citizen, and his passing will profoundly regretted., 

Mr. Gutelius survived his widow, Anna Walker Eaton, whom 
was married April 21, 1892, son, Frederick Passmore 
Gutelius, Jr., and three married daughters, all resident Canada. 


the 
rid 
ive 
the 
ire. 
red 
ice, 
an 
en, 
ivil 
ant 
vho 
ing 
nce 
° 
ail- 

ent 
the 
ar. 
5 


1572 MEMOIR JOHN VENABLE HANNA 


was member the Engineering Institute Canada, and was promi- 
nent Masonic circles Pa. 

Mr. Gutelius was elected Member the American Society of. 
Engineers October 1906. 


JOHN VENABLE HANNA, Am. Soc. 


Diep 30, 1935 


John Venable Hanna was born Plattsmouth, Nebr., January 1864, 
the son Thomas King and Judith Joyce (Venable) Hanna. When was 
two years old his father, wholesale merchant, moved his business and his 
family Kansas City, Mo. John Venable Hanna lived Kansas City until 
entered Sheffield School, Yale University, New Haven, 
from which was graduated 1885, with the degree Bachelor 
Philosophy. again became resident Kansas City 1906 and con- 
tinued make his home until his death the age 70. 

His father’s wholesale business has been continued this day. When his 
father died, his mother disposed the family interests the as, 
after short trial, John Venable Hanna decided that was not greatly 
interested mercantile pursuits. From that time was thoroughly and 
completely absorbed with construction work. 

His experience took him through variety engagements, beginning 
Axeman the Chicago, Burlington, and Northern Railway, which posi- 
tion held from August, 1885, July 1886. From July November, 1886, 
was employed Assistant Engineer with the Colorado Railway Company. 
For the next two years, more (May, 1887, January, 1889), was 
Assistant Engineer with the Current River Railroad Company and the Kansas 
City, Fort Scott and Memphis Railroad Company, following which, for six 
months (January July, 1889), served Shop Inspector for the materials 
for the Thames River Bridge for the Providence and Boston Railroad Com- 
pany. April, 1890, went West again and until November the same 
year was engaged mining Colorado. 

January, 1891, Mr. Hanna returned railroad work and until August, 
1899, was Assistant Engineer the lines the Kansas City, Memphis, 
and Birmingham Railroad Company. then accepted position 
1901, with the Fort Scott and Memphis Railroad Company Assistant Chief 
Engineer which held until September the same year. Mr. Hanna then 
accepted position Assistant Chief Engineer with the St. Louis and San 
Francisco Railroad Company (the “Frisco Lines”). 

December, 1906, was appointed Chief Engineer the Kansas City 
Terminal Railway Company, with headquarters Kansas which posi- 
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tion retained until his death April 30, Chief Engineer 
the Kansas City Terminal Railway Company, Mr. Hanna represented twelve 
trunk-line railroads, connection with the construction $50000000 
modern railroad passenger-freight terminal, large part which was built 
new location Kansas City, Mo. and Kansas City, Kans. The amount 
work done, its quality, the economical costs the many different types 
construction, and the speed with which the work was accomplished, all bear 
tribute the care with which supervised this gigantic undertaking. The 
importance the work may gained from the following figures: More than 
steam-shovel excavation was moved several miles; main-line railroad was 
lowered maximum under traffic; 000 000 passenger station second 
size (at that time) only one other, was constructed; sewer 
was built the heart the city; freight-houses; cach yard; steam tunnel, 
mile long; round-house; team tracks; main tracks; modern signal plants, 
all were constructed and brought completion orderly scheduled manner 
all who were parties the work and particularly the Chief 
Engineer, John Venable Hanna. 

The construction this Terminal called for frequent and unending con- 
ferences with the Chief Engineer’s Committee which represented the twelve 
property lines. these meetings Mr. Hanna presided, and his ability 
remember details, facts, and important contractual and ordinance obligations, 
made the work the members the Committee unusually simple and 
efficient. 

The contacts with the City officials with whom Mr. Hanna dealt, were 
always nature bring respect from those politicians who would ask 
for many more and greater concessions than they expected get. His ability 
command their respect when declined grant many these unwarranted 
requests coming from these sources, gave him position diplomacy well 
engineering. 

Mr. Hanna was lover detail and was thorough his understanding 
what was ready discuss, report, present, that was seldom had 
call for his associates help him. His work and his method handling 
brought him many friendships. Engineers, contractors, railroad officials, 
politicians, and prominent citizens believed John Venable Hanna was abso- 
lutely honest all his dealings with his fellow men. had many problems 
which tested his sterling character, and did not fail. His monumental 
work Kansas City splendid achievement and one which his family 
should proud. 

His hobbies were few. recent years, had been much interested 
painting, and painted quite few pictures water the time 
his death, was working painting the Station site and Station build- 
ing. had been ardent golfer for many years; man small physique, 
did not play among the low par shooters, but always played fair 
game and was always pleasant company. 

Mr. Hanna was member the Kansas City Country Golf Club, and the 
Yale Alumni Club Kansas City; was Past-President the Engineers’ 
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Club Kansas City, and the Kansas City Section the Society. was 
very active the affairs the Safety Council, and served Chairman for 
many years its most important Committees. 

was married Kansas City, Mo., November 1892, Marguerite 
Vaughan. survived two daughters, Mrs. Margaret (Hanna) Lang 
and Mrs. Judith (Hanna) Gregory, and one grandson, John Hanna Lang, two 
sisters, Mrs. Luther Welsh, and Edith Hanna, and one brother, Hanna. 

Mr. Hanna was elected Associate Member the American Society 
Civil Engineers May 1893, and Member April 1902. 


Diep 17, 1935 


Morris Hansford was born St. Albans, Va., December 1865. 
was the son James Frazier and Annie (Noyes) Hansford who resided 
the family home, which was known “Ravenswood,” overlooking the 
Kanawha River Valley. His father was engaged farming and coal mining. 

was the custom that time for have tutors for their chil- 
dren, and Mr. Hansford received his first schooling from this source. 
afterward attended the free schools until 1878. One his first teachers was 
the Hon. William Chilton, former United States Senator from West Vir- 
ginia, and present owner and publisher the Charleston Gazette. studied 
next under Professor Reynolds, from 1878 1883, Shelton Academy 
St. Albans. Although Mr. Hansford did not have the opportunity 
gain college education, did acquire thorough knowledge engineering 
the field and constant study home. 

began his practical experience the location the Upper Division 
the New York Central Railway Gauley Bridge, Va., under the 
tion Mr. William Reynolds, serving Rodman, Leveler, and Transit- 
man from May, 1885, November, 1886. Railroad and coke-oven construction 
consumed considerable his time also. Mr. Hansford was employed 
Topographer and Leveler railroad location and construction from 
ber, 1886, September, 1888. 

entered the field Mining Engineering July, 1889, when became 
associated with Mr. Veazey, Pratt, Va. Until July, 1895, they 
were engaged general engineering, the location and construction 
railroads, tipples, and inclines, and the laying out mining plants. 

Mr. Hansford began his engineering career the early days the 
industrial development the Kanawha River Valley which lived 
behold one the remarkable industrial centers this generation. 

From July, 1895, until April, 1899, Mr. Hansford was Mining Engineer 
for the Mt. Carbon Company, Limited, Powellton, Va. such 
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had full charge the location and construction tipples, inclines, and the 
opening mines. April, 1899, joined the Charles Pratt Company, 
Pratt, Va., and was occupied with the location the Kanawha and 
Pocahontas Railroad and surveyed and divided acres land, continu- 
ing that capacity until October, 1901. 

Mr. Hansford was engaged private practice, Pratt, between October, 
1901, and July, 1905, including railroad, tipple, and bin construction. During 
part this period, the firm was known the Hansford and Burrell Engi- 
neering Company. employed several engineers and draftsmen and per- 
formed considerable volume work. became Superintendent the 
Great Kanawha Colliery Company and the Eureka Colliery Company, 
July, 1905, and completed that assignment November, 1908, when 
returned private practice Pratt, Mining Engineer, retaining 
the latter office until July, 1910. 

was made Superintendent the Mt. Carbon Company, Limited, 
July, 1910, and remained Powellton, until December, 1914, when 
his first highway position Engineer for the Kanawha County 
Court, serving under Walsh, Assoc. Am. Soe. E., from June, 1915, 
May, 1916, and participating the construction surfaced highways. 
From January, 1917, 1923, Mr. Hansford was Chief Engineer with the 
Deegans Coal Interests, charge twenty-three coal mines, the loca- 
tion forty miles railroad, and the planning various buildings, 
tipples, 

then returned private practice which was engaged from 1923 
until September, 1925, when joined the Engineering Staff the State Road 
Commission the Second District, with headquarters Huntington, Va., 
under Spelman, Am. E., then Division Engineer. Except for 
period six months, Mr. Hansford served continuously with the Commis- 
sion until the time his death. During this period was engaged con- 
struction within the District and for time was charge survey party 
operating from the Charleston Division Plans and Surveys. 

Mr. Hansford was splendid gentleman and served his profession faith- 
fully and efficiently. took keen interest every task and every assign- 
ment which confronted him the pathway life, and met them graciously. 
Engineer, was extremely accurate, thoroughly dependable, and 
strictly honorable. 

was Mason, Knight Templar, and member Beni Kedem Shrine, 
Charleston, Va. was also member the West Virginia Society 
Professional Engineers, and Director Huntington Chapter. was 
Registered Professional Engineer West Virginia. was member 
Johnson Memorial Methodist Church, Huntington. 

March 26, 1890, was married Willia Lauck, who survives him. 
also survived son, Russell Hansford, Marmet, Va., and 
Mrs. Philip Doddridge, Berea, Ohio. 

Mr. Hansford was elected Member the American Society Civil 
Engineers January 14, 1924. 
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FREDERICK NATHANIEL HATCH, Am. Soc. 


18, 1934 


Frederick Nathaniel Hatch was born Chartiers Borough, Pa., 
June 12, 1885, the son the late Frederick Thomas Hatch, Am. Soc. 
and Alice Gertrude (Hill) Hatch. 

After completing the High School course, Logansport, Ind., entered 
Rose Polytechnic Institute, Terre Haute, Ind. taking extra subjects 
during the first year and passing some the first year’s work examination, 
was enabled complete the four-year course Civil Engineering three 
years and was graduated 1906 with the degree Bachelor 
Civil Engineering. Five years later, received the degree Civil Engineer 
from the Institute. 

Mr. Hatch’s father was for years Chief Engineer the Pennsylvania 
Lines West Pittsburgh, and was quite natural, therefore, that the son 
should follow his footsteps. Prior his graduation 1906, had 
acquired about year’s experience railroad engineering work, and his 
engagements for several years thereafter were projects akin railroading. 

From July, 1906, February, 1907, Mr. Hatch was Rodman and Transit- 
man with the San Pedro, Los Angeles, and Salt Lake Railroad Company, 
Salt Lake City, Utah, and from February August, 1907, was Field Engi- 
neer and Assistant the Superintendent Construction large concen- 
trating works for the Steptoe Valley Smelting and Mining Company, 
McGill, Nev. Although the pioneer days were supposed have vanished 
before the advance civilization, nevertheless this desert country, far from 
human habitations, occasional “bad man” loaded with bad whiskey could 
still produce thrills for young engineer. 

Later, was Engineer Maintenance Way and Grade Reduction 
Projects several other railroad companies until 1910, when took 
responsible position with Westinghouse, Church, Kerr, and Company (later, 
Dwight Robinson and Company) the supervision design and con- 
struction industrial plants, railway locomotive terminals, shops, etc. Prior 
the entrance the United States the World War, this firm. constructed 
number plants for the production munitions for the Allies. 

During the World War, Mr. Hatch served with the American Expeditionary 
Force France, Captain Engineers, first with the 312th Engineers 
Camp Pike, Arkansas, and, later, with the Engineers Camp Grant, 
and Rochelle, near Bordeaux, France. The 35th Engineers 
was shop regiment, recruited build American freight cars. Although 
Captain Hatch greatly preferred the front, served his country 
faithfully far back the interior, where his previous military training and 
experience were especially valuable his regiment. 
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Following his discharge from the Army August, 1919, was promoted 
successively Major and Lieutenant Colonel, the Engineer Reserve. After 
the war, was employed the office the Building Commissioner the 
St. Louis, Mo., until 1927, after which was engaged Construction 
Engineer with the Southwestern Bell Telephone Company until his death. 

Colonel Hatch, was later known his associates, gave much time 
and attention military pursuits. was President the St. Louis 
Chapters the Society American Military Engineers, the Military Order 
the World War, and the Reserve Officers Association. was President 
the Missouri Department the Association 1930. was alert, well 
informed, and was considered excellent engineer and soldier. was 
positive, both speech and action, and his writings show clarity and breadth 
thought. 

Colonel Hatch leaves stepmother, Mrs. Nola Hatch; sister, Alice 
Hatch; and brother, William Hatch. was never married. side 
light the kindly nature man who may have appeared cold and 
distant, even his friends, gained from the instance that the death 
his father, 1920, gave his position New York City and came 
St. Louis that might care for his stepmother, and this devotion con- 
tinued the end his life. 

1933, suffered severe attack pneumonia, from which after sev- 
eral months seemed recover; but early 1934, other serious maladies, 
diagnosed abscesses the brain and liver, made their appearance, and after 
long battle, including several operations, finally Novem- 
ber 18, 1934. 

Colonel Hatch was elected Junior the American Society Civil 
Engineers June 1907; Associate Member, February 1913; and 
Member April 26, 1921. 


DAVID CHRISTIAAN HENNY, Am. Soe. E.* 


Diep 14, 1935 


board consulting engineers had been called one the large 
projects the United States Bureau Reclamation for the consideration 
some the important engineering phases the project. They had been 
session several days—days trying discussion points for which 
precedents existed—days give and take, for report, unanimous all 
possible, must made. All were men ripe experience, technically trained; 
all with least one, and some with several, scholastic degrees. The final 
piece resistance hinged about certain phraseology the report, and the 
one who had prolonged the discussion with righteous tenacity finally surren- 
dered with, “If you want know English correctly you’ve got get from 
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Hollander who couldn’t talk word when came this country.” 
This, course, was exaggeration Mr. Henny had studied English 
college before came the United States 1884. 

David Christiaan Henny was born Arnheim, The Netherlands, Novem- 
ber 15, 1860, and was proud his Dutch ancestry. His parents were 
and Bernedina (Lorentz) Henny, his mother having been cousin the 
famous physicist, Lorentz. 

was educated the Polytechnic School, Delft, Holland, and was 
graduated with the degree Civil Engineer 1881. had kept contact 
with his native country membership the Royal Institute Engineers 
and occasional visits there during the later years his life. 

Mr. Henny first came into national prominence the early Nineties 
connection with the manufacture wood stave pipe. served General 
Manager and Chief Engineer the Excelsior Wooden Pipe Company for ten 
years, and then for three years General Manager the Redwood 
facturers Company, both San Francisco, Calif. 

Fresh from successful achievements the redwood field was taken into 
the organization the United States Reclamation Service February, 1905, 
and served Supervising Engineer for the Pacific Division for four years, 
whereupon was made Consulting Engineer for the same organization 
intermittent service, available call. The remainder his life was devoted 
private practice Consulting Engineer, which capacity main- 
tained office Portland, Ore., from February, 1999, until his death. 

Mr. Henny served member great many boards Consulting 
Engineers for both governmental and private agencies the United States 
and abroad land reclamation, power, flood control, and allied problems. 
was authority the design and construction dams and there 
important dam the West that has not been made safer and 
more serviceable result his studies and advisory services. was 
indefatigable worker and task was put off. Things were done now. 
Procrastination was not his dictionary, which perhaps the secret his 
great capacity for accomplishment. 

Two tasks will keep his memory ever green the annals engineering. 
One his paper “Stability Straight Concrete Gravity Dams”,’ for 
which the Norman Medal was awarded him posthumously the Society, 
the Annual Meeting January 15, 1936, his son, Arnold Henny, 
Assoc. Am. E., being present receive it. The other the 
invention the Henny Shear Joint, special joint between the up-stream 
and down-stream faces concrete blocks used the construction massive 
dams. was designed while was the Board Consulting 
Engineers for the Boulder Dam. This shear joint such great importance 
that order keep from being exploited secured patent and 
immediately gave the Bureau Reclamation royalty-free use his 
patent rights. Boulder Dam was the first which the Henny shear joint was 
used, but being incorporated the design the Grand Coulee Dam 
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and doubtless will used future massive concrete dams, particularly those 
which the load largely taken cantilever action, the high, straight 
gravity type. 

Mr. Henny was small stature but impressive dignity, and yet could 
relax appropriate occasions into delightful banter sparkling wit and 
pertinent anecdote. Engineering Board was examining the site the 
Owyhee Dam Eastern Oregon. After “boiling” hot day July, climb- 
ing over the still hotter rocks, the party found themselves the water’s edge. 
Mr. Henny began tugging his shirt with, “We’ve examined everything else 
about this dam site except the water—let’s swimming—and the last one 
in’s sissy.” And they all did—raw. 

the entrance the United States into the World War Mr. Henny 
offered his services over seas serve elsewhere any capacity which 
could useful. letter offering his services closed with the remark 
that “would never able enough for country that had done 
much for him.” The reply received was splendid and the effect that such 
loyalty were better exercised his chosen field home than anywhere else, 
that there were plenty younger men the fighting. 

Oregon State College honored itself and him conferring upon him 
degree Doctor Engineering 1933, and the same year was made 
Honorary Member the Royal Institute Engineers Holland. 

Mr. Henny was most happily married 1893, San Francisco, Julia 
Antoinette Hermanie Watzel-Brown. them were born four children: 
David—who died his senior year college Madison, Wis.; Frances 
Bernedina, George Christiaan, and Arnold Lorentz. Mr. and Mrs. Henny 
were great pals. She accompanied him nearly all his trips whether 
out the United States, and was probably the best known woman civil 
engineering circles the country. When she died May 26, 1935, died 
also, although continued walk around about his business, outwardly 
smiling and genial usual, for two months longer. 

The Oregon Journal, July 16, 1935, paid most worthy tribute his 


this vision greater Oregon. saw Oregon like 
the Holland his birth, fertile its gardens and fields, and related the 
world trade. Yet, saw Oregon alone can be, the bold beauty 
its mountains and shore and the promise its future. 

“So Henny worked with rivers and the land weaver would work 
with threads, weaving bright and rich pattern opportunity for to-day and 
for the generations that are come. 

“In his recent leadership Chairman the Oregon State Planning 
Board, Mr. Henny had reached the climax life distinguished inter- 
nationally hydraulic and reclamation engineer. For what many paid 
him large fees consultant, gave without price Oregon. Into the 
decisions and plans Boulder Dam, Grand Coulee, and Bonneville, men- 
tion only few, went his penetrating wisdom. And was Oregon’s 
Commissioner the Pacific Northwest Regional Planning Commission.” 
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was member the Committee Engineering Foundation Arch 
Dam Investigation and took active part supervising the construction 
and experimental measurements Stevenson Creek Test Dam, near 
Fresno, Calif., the results which were published the was 
also Chairman the Special Committee Irrigation Hydraulics the 
Society during the ten years its existence. 

Mr. Henny was elected Member the American Society Civil 
Engineers September 1887. served term Director for the 12th 


District beginning 1920, and term Vice-President from Zone 
beginning 1932. 


VIVION ROSE IRVINE, Am. Soc. 


Diep 16, 1933 


Vivion Rose Irvine, the son Hugh Rose and Mollie (Vivion) Irvine, 
was born Dallas, Tex., April 1885. was descendant that 
William Irvine who married daughter Robert the Bruce Scotland. 
The Irvine family came America the early part the Eighteenth Century 
and settled first Pennsylvania and then moved the Valley Virginia. 
furnished soldiers Washington for service the Indian Wars and the 
Revolution. Descendants moved into Tennessee and eventually settled 
Texas when that region was Republic. 

Mr. Irvine’s primary schooling was obtained public and private schools 
Texas; Bingham Military Academy, Asheville, C.; and the Law- 
renceville School, Lawrenceville, J.; later, attended the University 
Texas, Dallas. 

After leaving the University Texas 1906, entered the service 
the Southern Pacific Lines Rodman locating party. was soon pro- 
moted the position Instrumentman and, later, that Assistant 
Engineer Construction. For two years, 1908 and 1909, was private 
practice Marshall, Tex., engaged general engineering work, but 1910 
was back railroad where was remain until 1917. During 
this seven-year period served Locating Engineer the New Iberia and 
Northern Railroad; Assistant Engineer with the Florida East Coast Rail- 
road Company, maintenance way and the construction its Kissimee 
Valley Branch; and, finally, with the Texas and Pacific Railroad Company 
Assistant Engineer Maintenance Way and Valuation. 

From May, 1917, October, 1919, was the Army. Mr. Irvine had 
applied for commission the Reserve Corps, United States Army, 1916; 
was commissioned Captain, Engineer Section, Officers Reserve Corps, 
February 23, 1917, six weeks before the United States entered the World War, 
and was ordered report the Citizens Training Camp, Leon Springs, 
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Tex.; was transferred May 16, 1917, the 7th Reserve Engineers (later, 
designated the 17th Railway Engineers), and was relieved from active duty 
May 19, 1917. was re-assigned active duty September 1917, 
and ordered report the Engineer Training Camp, Fort Leavenworth, 
Kansas; was transferred December 10, 1917, Company 35th Engi- 
neers; was relieved from duty with the 35th Engineers and ordered 
Hoboken, J., January 22, 1918; sailed from the United States for over- 
service January 31, 1918, the Adriatic; was assigned the 
116th Engineers; was transferred, March 1918, the 14th Engineers 
and assigned June 1918, Commanding Officer, Company 14th 
Engineers. participated with his organization the Somme Defensive 
and the Aisne-Marne and Offensives; was relieved from duty with 
the 14th Engineers September 27, 1918, and returned the United States, 
October 10, 1918, the Agamemnon. was ordered report the 
Commanding Officer, Camp Humphreys, Virginia, and was assigned 
duty with the Engineer Training Regiment, October 21, 1918. 
was transferred, February 25, 1919, the office the Chief Engineers, 
Washington, and was honorably discharged October 13, 1919, 
Washington, with the rank Captain, Engineers, United States Army. 

While duty the office the Chief Engineers, Captain Irvine 
revised and rewrote the Manual Light and Standard-Gauge Railroads 
textbook for Army instruction. After his discharge from the Army was 
appointed Major, Engineer Section, Officers Reserve Corps, December 12, 
1919; accepted December 24, 1919; and was re-appointed the same 
rank December 1924, but declined the appointment. 

From October, 1919 April, 1920, Major Irvine served with the Depart- 
ment State charge the selection railroad personnel for service with 
the Russian Railway Service Corps Siberia; from May, 1920, June, 1921, 
was Supervising Engineer with the Quartermaster Corps, Army, 
charge the construction water-works, buildings, and sewers Camp 
Bennings, Georgia, 250 000 project. 

July, 1921, accepted assignment Colombia, South 
America, Representative the Seldon Breck Construction Company, 
St. Louis, Mo., and thereafter remained that country continuously until 
1932. was made Vice-President the Breck-Parrish Engineering 
Corporation (incorporated September, 1921, under the laws Colombia, with 
headquarters Barranquilla) and had charge all the engineering and 
construction undertaken that Company, including the design and construc- 
tion 100-bed hospital, reinforced concrete dam, water-works system 
for Barranquilla, the development extensive new residential addition 
the city, the paving the down-town section, and other work connec- 
tion with the modernization this city inhabitants. 

The complete transformation this sleepy, tropical city, with unpaved 
streets, inadequate water and sanitary facilities, into thoroughly modern 
municipality with well paved streets, plentiful supply pure water, ade- 
quate sewers, and ample residence sub-divisions, was affected the 10-yr 
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period from 1921 1931. Most this work was initiated Mr. Karl 
Parrish, and the greater part the construction work was done his Com- 
pany which Major Irvine was Chief Engineer. 1925, the Breck-Parrish 
Company became associated with Winston Brothers, Minneapolis, 
the construction the Antioquia Railroad the Cauca River and Major 
Irvine went country assist this work. was associated with this 
project, which involved some the heaviest construction the Andes, 
its completion. 1929, went Cali, become Manager urbani- 
zation project that city, and was there until 1932 when the condition his 
health necessitated his return the United States. the 1933, 
accepted position Engineer Inspector with the Public Works Administra- 
tion, and was assigned Dallas, where died shortly after his arrival. 

Colombia, where Major Irvine lived for eleven years and where his 
most important work was done, was one the best known foreigners; 
speaking Spanish fluently was popular with the Colombians with 
the Anglo-Americans. was engineer exceptional ability, and 
addition his engineering qualifications possessed the human qualities 
that endeared him his associates and friends. had the happy faculty 
meeting people and enjoying social intercourse; doubtful whether 
anything ever did gave him greater pleasure than the laying out and 
building the nine-hole golf course for the Barranquilla Country Club. 
Whenever distinguished Americans visited Colombia, Major Irvine was 
invariably selected head the Committee appointed look after their 
entertainment. country where entertaining fine art, was the 
perfect host. Major Irvine’s death loss the Engineering Profession, 

was Mason, Shriner, and Knight Témplar; member the 
Anglo-American and Country Clubs Barranquilla, Colombia, and 
the Union and Campestra Clubs Medellin, Colombia. 

was married June 10, 1911, St. Augustine, Fla., Frances Eliza- 
beth Ransom, who survives him; also left daughter, Mary Delia Irvine. 

Major Irvine was elected Member the American Society Civil 
Engineers May 28, 1923. 


EDWARD CLARENCE JORDAN, Am. Soc. E.* 


Diep 15, 1935 


Edward Clarence Jordan was born Westbrook, Me., March 17, 1846, 
the son Samuel and Eunice (Seal) Jordan. His father was prominent 
citizen Westbrook and, one time, was Postmaster Portland, Me. 

After receiving his early education the public schools and Westbrook 
Seminary, Mr. Jordan entered the office Anderson and Bonnell, Portland, 


prepared Henry Jordan, Esq., Portland, Me. 
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study for engineering career. One the partners, Mr. John Anderson, 
was prominent Railroad Engineer and, one time, Railroad Commissioner 
Maine. Two years later, Mr. Jordan entered Union College, Schenec- 
tady, Y., where studied under Professor Gillespie who that 
time was conceded one the leading Engineers the United States. 
Mr. Jordan was graduated from Union College 1868, with the degree 
Bachelor Science Civil Engineering. While college was elected 
Kappa Alpha Fraternity. 

Immediately after his graduation Mr. Jordan went West enter the 
employ the Central Pacific Railroad Company its early construction 
across the country; was the first railroad line connect the Atlantic and 
Pacific Oceans. His first position was that Leveler location, the work 
starting from Salt Lake City, Utah, westward, and from California, east- 
ward, meeting point. soon became Transitman and, later, 1869 
and 1870, Assistant Engineer location and construction with the Company, 
California, Utah, and Nevada, and had the good fortune charge 
the Division where the rails met—an occasion for imposing ceremony. 
The last tie laid was highly polished California laurel wood with silver 
inscription. The last railroad spike was solid gold, and silver hammer 
was used connect the telegraph wires. When the President the Railroad 
Company struck the wire corresponding click was heard all over the United 
States, announcing that the railroad from the Atlantic the Pacific was 
finished. 

After this interesting experience, Mr. Jordan became Locating and Resi- 
dent Construction Engineer with the Northern Pacific Railroad Company 
Minnesota, North Dakota, and Montana, from 1870 1872, when returned 
Portland, Me. 1873 opened office for general engineering practice 
Portland, specializing largely hydraulics. One his first experiences 
was harbor work for the Federal Government. 

designed and constructed sewerage system for the Town Old 
Orchard, Me., 1883 and 1884. 1891 and 1892 laid out and supervised 
the construction the Maine Mile Track, called Rigby, that time consid- 
ered one the best race tracks the country. designed and con- 
structed the dam North Gorham, Me., for the Portland Electric Light 
Company, from 1899 1901, and the dam Mallison Falls, Windham, 
Me., 1905, for the Robinson Woolen Mills. also designed and installed 
water supply system for the Hebron Sanatorium, 1909. the famous 
Poland Springs, owned Hiram Ricker and Sons, whom Mr. Jordan was 
employed for all the firm’s important projects, laid out the sewerage system, 
water supply system, much the road system, private railroad, and golf 
course. had with many other hydraulic and sanitary engineering 
projects his long practice more than sixty-two years. 

However, the largest proportion Mr. Jordan’s practice was municipal 
and real estate surveys, many which were contested boundary line 
eases, and his vast knowledge real estate law enabled him satisfy and 
settle many such disputes without recourse the Law Courts. was 
known remark many times that took more research, study, and judg- 
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ment settle such difficult cases properly than did design 
quotation from newspaper refers him follows: 


“Mr. Jordan has marvelous memory for facts and figures, and knows 
the history this section probably other man the 
that the oldest engineer now service, and has had occasion 
and map most this country during his experience, hereby actually working 
out his own hands much the data that others have trust records 


find.” 

While abroad 1881, and again 1892, inspect and study sanitary 
conditions European cities, Mr. Jordan learned much that was helpful 
him his professional career. was while was Europe the second 
time that was appointed City Engineer Portland, much against his 
was prevailed upon accept the office, however, and during his tenancy 
brought about many needed reforms. made surveys and gave expert testi- 
mony Court proceedings several flowage cases incidental the raising 
dams. 

For many years, was the Engineering Member the State Board 
Health and, one time, served President the Board. was member, 
until ceased exist, the Maine State Water Storage Board created 
1909 facilitate the building reservoirs. was also member the 
Commission for the Improvement Back Cove which resulted the con- 
struction Baxter Boulevard; member the American Health 
Association; President for some years the Portland Fraternity, local 
benevolent association; Charter Member the Maine Association Engi- 
neers; and member the Portland Civic Club, the Cumberland Club, the 
Portland Country Club, and the Portland Economic Club. was also 
member the State Commission appointed investigate and report 
Portland Harbor. 1896, was Delegate Indianapolis, Ind., the 
Palmer and Buckner campaign. 

During the World War Mr. Jordan was appointed Associate Member 
the Naval Consulting Board the Secretary the Navy, the Hon 
Josephus Daniels, and was Chairman for the State Maine the Board 
arranging for Organized Industrial Preparedness. 

Mr. Jordan was man who took vital interest all civic and State 
improvements, and was respected and constant writer the newspapers 
regard them. That spared neither time, strength, nor money fight 
for cause which seemed right him, was clearly evidenced his flying 
trip home Portland from Ormond, Fla., where had gone for his usual 
winter vacation and golf, oppose proposition the railroad build 
new terminal within the limits the City Portland, which, had been 
allowed, would have created appalling smoke nuisance and real estate 
damage one that city’s most promising residential sections. 

Mr. Jordan was faithful attendant the First Parish Unitarian 
which gave freely his time and professional skill well his money. 
Thoroughness research was the means discovering for his Church the 
fact that its Trustees could justly claim few feet land the rear their 
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lot, about which they did not know, but which they needed very much indeed 
for addition their Parish House. 

biography this Engineer would all complete without reference 
his very wide knowledge and appreciation the best literature. 
His books were his companions, especially after the death his wife. His 
ability quote from many standard works was accomplishment 
itself. was outstanding high type gentleman, scholar, and engineer. 

was married Eliza Payson Thomas, 1874, who died two years 
later. 1882, was married Marcia Dow Bradbury, who died 1923. 
survived only his nephews and their families. 

Mr. Jordan was elected Member the American Society Civil 
Engineers May 1890. 


IRVING PATTERSON KANE, Am. Soc. 


20, 1935 


Irving Patterson Kane was born Gittings, Md., January 1886, 
the son James Kane and Leonore (Patterson) Kane. His early life was 
spent Gittings, suburb Baltimore, Md. attended the public schools 
Baltimore County and, 1903, entered St. John’s College, Annapolis, 
Md., from which was graduated 1907, with the degree Bachelor 
Science. then entered the Massachusetts Institute Technology, 
Boston, Mass., and was graduated 1910 with the degree Bachelor 
Science Sanitary Engineering. 

After leaving the Massachusetts Institute Technology, Mr. Kane was 
employed for short time with the Baltimore and Ohio Railroad Company 
and the Lehigh Valley Railroad Company. May, 1912, entered the 
service the Sewerage Commission the City Baltimore and was engaged 
until February, 1915, designs, estimates, and specifications, particular, 
for intercepting sewer work Baltimore. From February December, 1915, 
served Assistant District Engineer the International Joint Commis- 
sion under Professor Earl Phelps, making preliminary layouts, with cost 
estimates, for intercepting sewerage systems for Detroit, Mich., and for other 
cities and towns the Detroit and St. Clair Rivers, well treatment- 
plant studies. This work was done connection with the studies remedies 
the pollution boundary waters, and the results the investigation 
were published the report made Professor Phelps the International 
Joint Commission. 
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1916 and 1917, Mr. Kane served Assistant Engineer with the Seaboard 
Air Line Railroad Company, and then with the Western Maryland Railroad 
Company: May, 1917, entered the United States Army, serving 
Captain and then Major and Commanding Officer, Company 305th 
Engineers, and also, later, with the 45th Engineers, for fourteen 
France. was mustered out August, 1919. 

From November, 1919, continuously until the time his death, was 
employed first Assistant Engineer and then Engineer Treatment 
Plant Design with The Sanitary District Chicago, Chicago, the major 
part the time being immediate charge design and plans treatment 
plants, particular, the Calumet, North Side, West Side, and South- 
west plants, well the Northbrook, Glenview, and Morton Grove plants, 
exclusive electrical, mechanical, and architectural work. this 
tion, Mr. Kane was also interested the design several intercepting sewers. 
the time the litigation between the Lake States and the hearings before 
the Master, the Hon. Charles Evans Hughes, Mr. Kane was charge pre- 
paring general studies and estimates for the entire sewage treatment program 
the Sanitary District, and also with plans and estimates for the Engineer- 
ing Board Review. was active developing various special features 
the plants, particular, machine for stripping sludge large scale 
from air-drying beds. new type bed was developed, units wide 
and 1000 long. 

Mr. Kane was not writer, but was intensely interested the details 
design and the development sound data. His chief interest was his 
work, which was very thorough and painstaking. One his principal 
hobbies was financial research and this field took lively interest 
economics and various current problems. had keen mind and thought 
problems through with good judgment. 

Never having married, and having lived with his bachelor brother, 
Chicago, during the last fifteen years his life, Mr. Kane took deep interest 
his mother’s welfare, spending his vacations the family estate Gittings, 
near Baltimore. Although quiet and reserved, and not socially inclined, 
was well liked his associates. was always interested the outside 
activities the younger men the office, although not aciively participating 
them. 

During the last eight years his life, Mr. Kane suffered from very 
serious eye ailment which, times, threatened destroy his sight. 
withstanding this affliction, applied himself energetically and patiently 
his work and few, even his most intimate associates, knew the extent 
the handicap under which was laboring. His general health began fail 
during 1935, and October 31, applied for leave absence and entered 
the Presbyterian Hospital order recuperate and endeavor restore his 
health. Unfortunately, proved too late. died very suddenly the 
evening November 20, 1935. 

Mr. Kane was elected Associate Member the American Society 
Civil Engineers December 1915, and Member December 1928. 
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ERNEST AVERY LAMB, Am. Soc. 


1935 


Ernest Avery Lamb was born Hastings, Y., December 1865, 
the son Lucian and Eliza Ann (Caulkins) Lamb. received his pre- 
paratory school education Mexico Academy, Mexico, Y., after which 
taught the schools for several years. 1889, Mr. Lamb entered 
Union College, Schenectady, Y., and was graduated 1893, with the 
degree Civil Engineer. 

entered the service the State New York Rodman September, 
1894, and was assigned the Middle Division Office the State Engineer’s 
Department, Syracuse, Y., where was employed the improvement 
Madison County canal feeders, the re-building three locks the Black 
River Canal, preliminary surveys and estimates for special canal work, and 
construction work Seneca Lake Outlet. 1896, Mr. Lamb was promoted 
the grade Leveler and was engaged principally the improvement 
the Erie Canal, known “The Nine Million.” 

left the service the State May, 1898, and until May, 1900, was 
employed Engineer for contractor the construction the Albany and 
Southern Railway (third-rail electric). This work involved, among other 
features, masonry dam, long viaduct, and two steel penstocks mile 
length. 

Mr. Lamb then returned State employment Albany, Y., and was 
engaged making preliminary surveys and estimates for the proposed 
Barge Canal Improvement. January, 1901, went Pittsburgh, Pa., 
where was employed for eighteen months the American Bridge Com- 
pany structural work. then accepted position with Wilkins 
Company, Engineers and Architects, Superintendent and Engineer plant 
construction for the Lawrence Company, Paint Manufacturers, 
Pittsburgh. 

April, 1903, Mr. Lamb returned the New York State service 
Assistant Engineer. June, 1906, was appointed Resident Engineer 
and, for the next three years, was employed principally highway work. 
August, 1909, took charge the Mohawk River Residency which 
included fifty-four miles Barge Canal construction. From 1915 1919, 
was charge Barge Canal Residency No. covering the territory 
between Schenectady and the Oneida County Line, comprising about fifteen 
construction contracts. 

1919, Mr. Lamb was appointed Engineer-Secretary the New York- 
Pennsylvania Joint Interstate Bridge Commission, with headquarters 
Albany, position which held the time his death. 

November 29, 1894, was married Margaret Boylon, Worces- 
ter, Mrs. Lamb died October, 1919. December 1922, Mr. 
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Lamb was married Kathryn McKay Gilbert, Albany, who survives him, 
with three children his first marriage: Marion E., Mildred and 
Joseph Lamb. There also one granddaughter, Shirley Lamb. 

Mr. Lamb was member the Madison Avenue Reformed Church, 
Albany, Ancient City Lodge No. 452, and M., and the Albany Sovereign 
Consistory. was also member the National Geographic Society, the 
National Society Professional Engineers, and the Berlin Mountains Fish 
and Game Club. 

had been failing health for some time prior his death. was 
able attend business, however, until late November, 1934, and died 
rather suddenly his home Albany, February 1935. 

Ernest Lamb was quiet, unassuming Christian gentleman. was 
kind and sympathetic, and interested people whose pathways were beset 
with difficulties and troubles. His passing marks the end life service. 
missed and mourned his circle friends. 

Mr. Lamb was elected Associate Member the American Society 
Civil Engineers September 1904, and Member September 1919. 


WILLIAM CASWELL SMITH LEMEN, Am. Soc. 


Diep 1935 


William Caswell Smith Lemen was born Collinsville, Decem- 
ber 19, 1873. was the son Clarence and Sarah Catherine (Smith) 
Lemen, and his forebears were pioneers the State first 
attended Union Academy, Morganfield, Ky., and graduation from that 
school entered the College Engineering, University 
Urbana, There, received the degree Bachelor Science com- 
pleting the course Civil Engineering 1895. 

Mr. Lemen began his engineering career Recordér and Instrument- 
man for the Mississippi River Commission, with headquarters St. Louis, Mo. 
For the first year, was member the Drafting Department the Com- 
mission, and for the next three years, was engaged field and office work. 
From July, 1899, until August, 1900, was Topographer the United 
States Engineer Office, St. Paul, Minn. was engaged the 
work surveying the head-waters the Mississippi River. 

Returning St. Louis August, 1900, again joined the Mississippi 
River Commission Gauge Inspector the Lower Mississippi. From 
April, 1901, November, 1902, returned his home State act City 
Engineer and Superintendent, the Municipal Electric Light and 
Works, Paris, Paris, constructed street paving, sanitary sewers, 
and water mains, and installed new pumping plant which represented city 
investment approximately $500000. After this interesting experience 
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new field, again resumed work the Mississippi Basin, this time 
Chief Party cadastral survey the reservoirs the head-waters 
the Mississippi River. 

the following year, however (November, 1903), Mr. Lemen entered 
the sphere engineering activity that was occupy the next fourteen 
years his life. transfer became Junior Assistant Engineer the 
Principal Assistant Engineer, Engineer Office, Savannah, Ga. 
this position, had charge surveys and various construction works. 
August, 1910, became Assistant Engineer, and April, 1912, Principal 
Assistant Engineer. 

this office, had general charge the supervision all improve- 
ments the District, and also had direct charge the Savannah Harbor 
and Inside Waterway. supervision also included repairs and construc- 
tion bank-protection works, training walls, stone jetties, and wharves, 
the design and construction hydraulic dredges, and snagging and con- 
struction plants. was also responsible for the monthly and annual reports 
and the proper expenditure all appropriated public funds for his work, 
including one large special project the Inland Waterway System, 
Brunswick, Ga. was also the author numerous special reports. 

1917, when the United States entered the World War, Principal Assis- 
tant Engineer Lemen became, June 21, Captain Lemen, the Corps 
Engineers, Army. July, 1918, became Major, and Octo- 
ber 24, Lieutenant Colonel. During this period, also, became the Officer 
charge the Kearny United States Engineer Depot, Newark, J., 
and Depot Engineer and Assistant Storage Officer the Port New York, 
afterward prepared paper this work entitled “Construction 
and Reorganization Engineer Supply Depot, Kearny, New Jersey.” 

Honorably discharged emergency officer October, 1919, was 
again commissioned Major the Regular Army, Corps Engineers, 
July, 1920. 

Major Lemen’s army career continued full interest his pre- 
vious years. From November, 1920, September, 1922, was United 
States District Engineer, Jacksonville, Fla., for which position was 
particularly fitted his experience the near-by Savannah District. From 
late 1922, and during the ensuing year, Major Lemen attended the Engi- 
neer School Fort Humphrey, Virginia. then served from July, 1923, 
April, 1925, Engineer Supply Officer and Assistant Department Engi- 
neer, Fort Hayes, Ohio. 

Then followed tour foreign service, and with change from staff 
command duty. For the year from April, 1925, March, 1926, Major 
was Commanding Officer, Battalion, Engineers, Schofield 
Barracks, Hawaii. His second and third years foreign service, however, 
found him, first United States District Engineer, Honolulu, Hawaii, 
and Department Engineer, Hawaiian Department, and from September, 1926, 
August, 1928, devoted his entire time the latter position. 


Military Engineer, 1980. 
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leaving Hawaii, Major Lemen became Assistant Professor Military 
Science and Tactics, Engineer Unit, Reserve Officers Training Corps, 
sity Illinois, Champaign-Urbana, his old school. Here, among familiar 
scenes, continued active duty until 1932, when, after sick leave several 
months, was retired with his war-time rank Lieutenant-Colonel, 
December 31, 1932. Lt. Col. Lemen spent the greater part his remaining 
years Interlachen, Fla. died that city April 1935. 

was married Evansville, Ind., December 19, 1896, Olive Belle 
Jutton. survived his widow and the following children: Catherine 
Neil Lemen (Mrs. Rowe), Wilhemina Lemen, and Orian Gregg 

During his career before the World War and officer the Corps 
Engineers, Colonel Lemen was always public-spirited, ever ready lend his 
aid and co-operate the full undertakings which could 
tance. was most agreeable socially and altogether fine type 
was ardent and proficient golfer, and both official and companionable 
contacts with him were always pleasurable. His home was always open 
his friends. 

was member the American Association Engineers, and the 
American Society Military Engineers. was Royal Arch Mason, and 
Past Exalted Ruler the Benevolent and Protective Order Elks, and 
member the Presbyterian Church. 

Colonel Lemen was elected Associate Member the American Society 
Civil Engineers July 10, 1907, and Member, March 14, 1916. 


FREDERICK WILLIAM LOVELL, Am. Soc. E.* 


Diep 25, 1934 


Frederick William Lovell was born Bloomington, January 
1872. His father, Thomas Lovell, whose birthplace was Swineshead, Bedford- 
shire, England, came Canada young man and, later, migrated 
Towanda Central Illinois, where met and married Mary Ellen Ricker. 
1883, the family moved Iowa and, later, California. 

Frederick William Lovell was the second five children born the 
Towanda farm. attended the primary schools Towanda and Gibson, 
and Humboldt, Iowa, and was graduated 1891 from the Iowa City 
Academy. studied Civil Engineering the State University Iowa, 
Iowa City, Iowa, from which institution was graduated 1894, having 
completed the course three years with high honors. 

the years from his graduation until 1898 Draftsman with the 
firms Purdy and Henderson, Chicago, Brown-Ketcham Iron Works, 
Indianapolis, Ind.; and the Elmira Bridge Company, Elmira, 

1898, Mr. Lovell began his connection with the Manufacturing 
Company, Cleveland, Ohio, which, later, the Interstate Com 
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pany. For this Company designed all structural work and had super- 
yision the details such the office. Typical the work the Com- 
pany this time was the building twelve ore-conveying bridges, each 
450 long, supported two towers, for the Lorain Steel Company, and the 
construction car-dumping machinery for the Wheeling and Lake Erie 
Railroad Company. From 1901 until 1922, Mr. Lovell served Secretary, 
Chief Engineer, and Vice-President the Company, with supervision 
all engineering work, both structural and mechanical, covering wide 
range problems the design engines, machinery, steam plants, and 
electrical apparatus. Many patents the United States and foreign coun- 
tries covering improvements coal and ore-handling machinery, such car 
dumpers, locomotive cranes, bridge conveyors, buckets, were issued 
him. The outstanding developments coal and ore-handling devices took 
place largely within his life time, and made important contributions 
them. The Company also designed and fabricated steel for bridges 
and buildings. 

Throughout his professional career, Mr. Lovell was conscientious and 
tireless worker. His persistence and success solving unfamiliar technical 
problems were remarkable. notable instance his resourcefulness time 
great stress occurred during the World War, when without previous experi- 
ence his Company made 8-in. shells for the British and American Governments 
and became the largest producer such shells the United States. 

From 1922 until his death, Mr. Lovell was engaged consulting practice, 
making specialty the design car-dumping machinery and other appli- 
ances for the rapid and economical handling coal, ore, and similar materials. 
already has been intimated, was Mechanical Engineer well 
Civil Engineer, and had from his long experience intimate knowledge 
the mechanical well the structural and economic problems involved 
the design such machinery. spent much his time travel 
the United States, Alaska, Mexico, and South America, and Europe. His 
wide experience his own field and his discernment the study commer- 
cial and political backgrounds gave his observations great value for his 
friends and business associates. 

Much his enthusiasm, after the World War and during the depression, 
was given assisting young people obtain their education and training. 
For many them Mr. Lovell made possible college education and artistic 
special fondness for young people made him kindly figure 
private life, his experiences and travels made him dominating personality 
engineer and executive. 

During his entire residence the City Greater Cleveland, was 
devoted member the First Baptist Church. His gifts thereto were numer- 
ous, and gave both his time and his work, unstinted, during the erection 
the new church building 1929. 

His death from heat prostration while traveling Iowa came very sud- 
denly during the severe summer 1934. survived his widow, Eva 
(Glass) Lovell, whom was married 1899, and one son, 
Wheeler Glass Lovell, member the Engineering Profession. also 
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survived his brothers, Walter Danville Lovell, Am. Soc. E., Robert 
Lovell, and Judson Lovell, and sister, Lucy Lovell. 

Mr. Lovell was elected Member the American Society Civil 
neers June 1906. 


IRA WELCH McCONNELL, Am. Soc. 


January 1933 


Ira Welch McConnell, the son James Calvin and Cecilia (Welch) 
McConnell, was born October 17, 1871, family pioneers who settled 
Shell City, Mo., soon after the Civil War. This country was then the 
frontier. Mr. McConnell’s mother, who now (1935) her ninety-seventh 
year and still enjoys active life, has told and written the many interest- 
ing experiences the pioneer family those days. His father, addition 
being farmer, operated general store Butler, Mo. his boyhood, 
Ira McConnell helped his father the store and gained his preparatory 
school training Butler Academy. 

After several years the United States Railway Mail Service Postal 
Clerk, Mr. McConnell had accumulated fund which was take him 
college. was then years old. Shortly after entered the College 
Civil Engineering Cornell University, Ithaca, Y., 1893, the bank 
which his money was deposited failed. Having embarked his college 
career would not stop. From that point forward earned his entire 
college expenses doing odd jobs, and the first General Manager the 
Cornell Co-Operative Society, which was formed during his Junior year. 

The traits character which later made him eminent his profession 
were soon recognized all with whom came contact. his quiet 
and effective way became leader, not only among the civil engineering 
students, but his entire Before his Senior year was already 
foregone conclusion that would selected Chief Engineer the 
Engineering Survey, recognition his fellow students his qualities 
organizer. His work this connection was outstanding. Throughout 
his college course his scholastic standing was always good, and was elected 
membership Tau Beta and Sigma during his last year college 

friend and classmate, Charles Hamilton, Am. Soc. E., has 
written him: 


“As review Mac’s career Cornell, there most evident the splendid 
character and high qualities which his after life brought him the head 
his chosen profession. 

“As friend and classmate was without equal—kind, considerate, 
thoughtful, self-effacing, thoroughly dependable under all circumstances, 
gifted with unusual brain, perfect poise, and splendid sense values, 
always seeking and enjoying the higher and better things life. have 
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intimately known him and worked with him one the finest memories 
treasure college days.” 


After his graduation from Cornell University 1897 Civil Engineer, 
Mr. McConnell served Instructor that Department for two years. 
During these six years Cornell formed many the friendships and 
associations which lasted throughout his life. These were 
extended the under-classmen and students who felt his leadership and, 
later, became associated with him had business relations with him his 
engineering work. There probably Cornell graduate the past forty 
years who was better known Cornell men than Ira McConnell. 

left Cornell become Contractor’s Superintendent. During the 
following three years, served that capacity various parts the United 
States. then became Professor Engineering Missouri School 
Mines, Rolla, Mo. After one year that institution, embarked 
his active business career, being then thirty-two years age. 

Mr. McConnell entered the United States Reclamation Service Project 
Engineer charge the Gunnison Tunnel, one the first large works 
that Service, and, the time, one the longest and largest tunnels 
the world. Within few years became Supervising Engineer, having 
charge the Central District including Colorado, Wyoming, South Dakota, 
Utah, and adjacent States. remained the Reclamation Service 
for total six years and then resigned 1909 become Chief Irriga- 
tion Engineer the White and Company, which Company that 
time was active irrigation work. Louis Hill, Am. E., 
associate during this period, writes follows: 

have known McConnell for about years more. was able 
organizer, and had sense humor that carried him by, and everybody 
else with him, any kind disaster. played the game the dead 
square. His Uncompaghre tunnel was one the most difficult tunnels 
drive. think was the ablest man ever had the Reclama- 
tion Service.” 

Service, says him: 


first met Mr. McConnell when was and was years old. 
had been employed assistant the Engineer the Uncompaghre Project 
the Reclamation Service. had just completed the field survey 
for location the Gunnison Tunnel, the main feature that Project. 
select the engineer placed charge the construction. selected 
McConnell, and choice proved well founded. 

early recognized his fitness for the position, and gave him ‘free 
rein’. entitled all the credit for the engineering, and successful con- 
struction, the Gunnison Tunnel—six miles long, and most difficult piece 
monument his ability construction. 

had all the qualities that make successful-engineer: 
good disposition, sound common sense, magnanimity, integrity, ambition 
excel, and untiring energy the discharge his duty. was most 
lovable character, and his comparatively early death was distinct loss 
the engineering profession.” 
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1910, Mr. McConnell became Vice-President and Genera] Manager 
the Idaho Irrigation Company, private project. Shortly afterward became 
Hydraulic Engineer for Stone and Webster Engineering Corporation. 
remained with that Company for about five years, becoming its Chief 
neer 1917. Mr. George Muhlfeld, associate during this time, 
him follows: 


“Mr. McConnell was highly skilled and broadly experienced engineering 
and construction work, and addition excellent business ability 
possessed and utilized unusual amount common sense. was pains- 
taking and untiring his work and had the faculty not only remaining 
unruffled even under the most exacting and turbulent conditions but 
smoothing out difficult and strained situations. was man sterling 
character and excellent personality, was eminently fair all his dealings 
and loyal his associates. Mr. McConnell was liked all who knew 
him, and the news his sudden death Buenos Aires brought keen sense 


loss the large group individuals who were proud known his 
friends.” 


1918, Mr. McConnell became General Manager for the American Inter- 
national Shipbuilding Corporation the Hog Island Shipyard, Philadelphia, 
Pa. Few people can appreciate his accomplishment that position. Indus- 
try the United States had become almost chaotic result the sudden 
expansion from European war orders and the disjointed control the early 
days after the United States entered the World War. Hog Island was 
better and worse than others, but through his efforts became smoothly 
working production machine. the war had continued, this organization 
would have been the largest production plant the world, but the Armistice 
brought the work sudden stop. 

Late 1918, Mr. McConnell joined the formation Dwight Robinson 
Company, Incorporated, Senior Vice-President and Chief Engineer with 
headquarters New York, This association continued for about ten 
years, when the Company was merged with others form United Engineers 
and Constructors, Incorporated. continued Senior Vice-President with 
this Company until 1932. 

His activities Executive Vice-President Dwight Robinson 
Company, Incorporated, cover the entire program that Company for the 
10-year period from 1919 1928. careful and thorough organizer and 
leader men, diplomat par highly gifted engineer, and, 
the same time, extremely practical and hard-headed construction man, 
was also thoroughly versed finance and the negotiations which precede 
and make possible the development large projects. catalog his activi- 
ties during these ten years beyond the scope this memoir, but the cost 
the work, for the conduct which was responsible during this period, 
amounted more than $150 000 000. 

From 1921 1924, Mr. McConnell handled the work done Dwight 
Robinson Company, Incorporated, for the Brazilian Government. 
ing newspaper Fortaleza, the capital Ceara, Brazil, speaks him 
follows: 
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“From the time when Mr. McConnell first became active among 
1922 the preparatory work for construction the great irrigation systems 
the southern part this State, Mr. McConnell became known great 
friend Brazil, dedicating himself with great success the study our 
most important problem and becoming thoroughly acquainted with our eco- 
nomic situation. consider his death great and sad loss for Brazil, since 
our opinion his co-operation would have been for most useful and neces- 
sary the ultimate solution our most important problem. Few Americans 
could attain the high level which Mr. McConnell held with relation the 
which join Brazil North America. convey through these lines 
our sympathy and condolences Dwight Robinson Company.” 


During this period was also responsible for the construction the 
United States Embassy Rio Janeiro. The Hon. Butler Wright, later 
Minister the United States Uruguay, was Commissioner the United 
States this work. Mr. Wright says him: 


welcome with appreciative gratitude the opportunity which you afford 
pay tribute good friend the late Ira McConnell, with whom 
was good fortune associated the time the construction 
the permanent and temporary buildings erected the Government the 
United States Rio Janeiro the time the Brazilian Centennial 
Exposition—the former which now the American Embassy that capi- 
tal. Mr. McConnell was that time engaged superintending, behalf 
the firm which was distinguished member, the erection and com- 
pletion these buildings—which proved particularly difficult and 
delicate task due the fact that buildings intended for exposition purposes 
were ultimately transformed into the Embassy residence and office and, 
further, countless irritating complications arising from changes plan, 
adaptation changing circumstances, and other annoyances which can only 
fully appreciated those who have had contend with similar circum- 
stances. capacity Commissioner the United States, charged 
with oversight the entire undertaking, individual and official co-operation 
and intimate personal friendship were the considerations for success. 

“In the enjoyment and fruition these relations owe much Mr. 
McConnell, for during our association from August, 1922, March, 1923— 
thereabouts—I found his wide experience, his integrity and honesty 
thought and purpose, his cheery philosophy and his delightful sense humor 
contributed most unusual degree toward the final success under- 
taking which all those who participated therein may well proud. 
short, the association was unusual and pleasurable experience for me, and 
from grew friendship which took great pride and pleasure.” 


During the four years which was resident Buenos 
Aires, Argentine Republic, Mr. McConnell attained unique position that 
community. There was probably other American who was widely 
known and thoroughly admired the entire East Coast South America. 
During this period perhaps the major accomplishment was the 
ment the second and largest subway system that city constructed for 
the Central Railroad and Terminal Company. This work seemed 
natural outgrowth due Mr. McConnell’s early interest foreign develop- 
ments, the course which number buildings, well industrial 
and utility plants, were constructed South America Dwight Robin- 
son Company, Incorporated, under his direct supervision. His admirable 
organizing ability was never better shown than his handling foreign 
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construction. This activity, however, kept him away for long periods from 
his associations the United States. 

When the subway was completed, Mr. McConnell was appointed Director 
and General Manager the Central Railroad and Terminal Company 
Buenos Aires. occupied this position the time his death. 

His associates the Buenos Aires Central Railroad and Terminal 
pany prepared and engrossed parchment, and sent Mrs. McConnell, the 
following resolution expressing their admiration for him and their grief 
his loss: 


“In the City Buenos Aires, the 28th day the month January, 
1933, the Board Directors the Company met under the Chairmanship 
the President, Dr. Teofilo Lacroze. There being present Directors Louis 
Rocea, Billings, Graham Steel, Emilio Godoy, and 
wright. The meeting was called order o’clock. 

“The President stated that was the unanimous decision the directors 
that this meeting held for the exclusive purpose rendering tribute 
gratitude, respect and affectionate remembrance the late Mr. Ira 
McConnell, former director-general manager the Company. 

“The President stated that McConnell, man great capability 
and kindness, leaves vacancy the company difficult fill, and the 
hearts his friends memories which will endure throughout their lives 
pleasant remembrances great man and friend, who knew how win 
the affection all who had the privilege association with him. 

“These sincere sentiments caused the President propose that the Board 
honor the memory their late associate, Mr. Ira McConnell, rising 
and rendering one minute silent homage, have engraved parchment 
copy the minutes this special meeting, signed all the Directors 
and sent his wife and sons.” 


Charles Comstock, Am. Soc. E., lifelong friend and associate, 
writes Mr. McConnell follows: 


“The most outstanding trait Mr. McConnell’s character, the one that 
more than anything else made him universally loved and respected, was his 
innate and invariable sense fairness. was quick grasp and appre- 
ciate other views than his own and give them full and sympathetic con- 
sideration. did not consider his duty nor was ever his purpose 
out-trade another any negotiation. aimed only reach conclusion 
which should fair all concerned. 

“This attitude was not paraded for effect; was instinctive—an integral 
part his nature. was evident all times whether the matters under 
consideration were relatively trifling great moment. 

one looks beyond Mr. McConnell’s profound and extensive knowledge 
technical engineering for some further explanation his professional suc- 
cess, perhaps the most important element was his skill building organ- 
ization. did not expect find men without faults. was quick 
recognize their weak points their strong ones, and was master hand 
placing them minimize the effects their weaknesses while allow- 
ing full play the exercise their special abilities. 

“He never emphasized his own part any work. Always aimed 
for the organization and some mischance later gave credit for 
that success assistant was never resentful.” 


Baleom, Am. Soc. E., lifelong friend, says him: 


first met him the fall 1894 when were sophomores the Col- 
lege Civil Engineering Cornell University. was then very jolly and 
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free and readily drew people him and made them like him, some 
cases almost the point idolizing him. Underneath his general exterior 
all knew and admired his sound judgment. school work, always 
seemed that was more interested learning essentials than was 
high marks. small wonder that the Senior Class elected him Chief 
Engineer and that the faculty recommended him for Sigma Xi. Even 
college had vivid and forceful way expressing his ideas. 

“After graduation saw very little him for number years. When 
came east, called upon me. was the same jolly fellow 
knew college, but also saw had developed into hard-headed business 
man. told what his title was his new position. asked him 
how much salary that counted for. his characteristic way said ‘Not 
damn cent’. 

“We were thrown most closely together Hog Island during the War, 
and for several months was direct superior. his painstaking and 
judicial way, studied department after department and perfected smooth- 
working organization. last was put charge ‘shop design and pro- 
duction’ which covered all engineering features the ships and also the 
purchasing, inspecting and bringing the ship material the yard. Here 
perfected organization that was model excellence, spite the 
fact that was constantly subjected the criticism the Shipping Board. 
man could have accomplished this who did not have much higher regard 
for work well done than did for holding his position. His whole career 
least and perhaps the most can say is: ‘He was brilliant and honest 
man, genial companion and loyal, helpful 


Perhaps one was more intimate with Mr. McConnell personal and 
engineering matters than John Hoyt, Am. Soc. E., who thus 
epitomizes his estimate his lifelong friend: 


were sum the secret Ira McConnell’s success would say 
that was due unusual native ability supplemented broad education 
obtained both through study schools and experience. With this had 
the fullest wholeheartedness with which his frank and unassuming ways 
attracted people him.” 


more fitting summary Mr. McConnell’s philosophy toward life and 
his fellow man could given than few words which were included his 
will advice his sons, John and Charles: “Honors the unrighteous are 
empty. For him who pursues his duty honor and fidelity there can 
failure.” 


January 1933, the New York Herald-Tribune printed its edi- 
torial page appreciation which few words gives full and rounded 
appraisal his qualities engineer and man: 


“The death Ira McConnell Buenos Aires removes figure known 
few his home-keeping fellow countrymen beyond the engineering fra- 
ternity. Though built the long Gunnison Tunnel Colorado and the 
large Pathfinder Reservoir Wyoming, had the engineer’s dislike 
publicity, and the sight great waters diverted impounded for the service 
men was all asked fame. Like the Roman engineer who left his 
name single stone the bridge Alcantara, was satisfied leave 
the glory his achievement those for whom worked. 

“In South America, the field his later activities, few Americans have 
been well known honored. Not only were his consummate technical 
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abilities recognized all along the east coast the continent, but rare per- 
sonality that made him more than highly skilled engineer won him the 
strong confidence governments and laborers alike. For was diplomat 
well engineer, and had extraordinary facility for working with 
strange peoples without offending their susceptibilities. When set his 
camps the drought-ridden lands northeastern Brazil, which was 
turn into another Egypt series cyclopean irrigation works, and suf- 
ficient workers failed appear, summoned the famous Padre Cicero, whose 
influence alone could move the minds the people throughout the dry coun- 
try the was through the friendship and understanding which 
engineer and priest instinctively felt for each other that was able 
marshal the army workers necessary for the vast enterprise. That finally 
failed fruition and left the desert country strewn with uncompleted dams 
was reflection the masterly hand McConnell the loyalty his 
devoted associates, but was due the exhaustion the 

“Ten years ago, diversion from his larger undertakings built the 
American Embassy building Rio Janeiro. The crowning achievement 
his career was the completion last year the Lacroze Subway Buenos 
Aires, and when died, few days ago, was the harness 
vising director the road which had dug beneath the Argentine metrop- 
olis. The engineer, with the friendly twinkle his shrewd eyes and the 
laugh that could disarm the suspicious reserve high officials the timid 
awe simple laborer, was his way more effective envoy the best 
his country than the ambassadors hedged about the 
formalities protocol.” 


Mr. Dwight Robinson, who knew him intimately from 1908 until his 
untimely death, pays him this tribute: 


“No words can adequately picture Ira Welch McConnell. One had 
know him realize his splendid worth. While even casual contact with him 
left favorable impression, one had associated with him the dis- 
charge common responsibilities attain true measure his fineness, 
the crystal clearness and cleanness his soul. had overflowing 
measure everything that his loving friends have attributed 
ability, winsomeness, integrity, selflessness—but away beyond those had 
that something rare that made him man God’s likeness. have 
been his partner and have won his trust inspiration for all time.” 


Mr. McConnell survived his widow, Grace (Bowerman) McConnell, 
and his two sons, John and Charles. 

Although did not claim membership any church, his religion was 
Christian its highest sense and recognized the brotherhood man; 
was religion broader its concept and more far-reaching its effect 
than that which bound creed and dogma. 

was member the following associations and clubs: Cornell Society 
Engineers, New York; American Association Engineers; Society 
Marine Engineers and Naval Architects; Sigma Xi, Tau Beta Pi, Kappa 
Sigma; Cornell University Club, Engineers Club New York, Uptown Club, 
and the American Club Buenos Aires. was also member the 
Masonic Fraternity and the Benevolent and Protective Order Elks. 

Mr. McConnell was elected Associate Member the American Society 
Civil Engineers December 1904, and Member September 1913. 
also served Director the Society from 1921 1923. 
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LUIS MATAMOROS, Am. Soc. E.* 


Diep January 18, 1934 


Luis Matamoros was born the little Town Atenas, the west cen- 
tral part Costa Rica, Central America, June 20, 1859. The oldest 
child six and the only son Juan Matamoros, Lobo, and his wife, Josefa 
Sandoval Rodriguez, attended the graded school Atenas and then went 
San José, the Capital, for his High School work. Upon his graduation, 
entered the Technical Institute San José and great were his talents 
the profession had decided follow, that during his last two years 
student the Institute, was made Assistant Instructor Mathematics 
and Physics. was graduated with the degree Bachelor Arts and 
Land Surveyor. 

Young Matamoros sought higher engineering knowledge and selected the 
Ecole d’Ingénieurs Université Lausanne, Switzerland, his Alma 
Mater, from which was graduated with the degree Civil Engineer 
December 12, 1882. returned Costa Rica 1883. 

From 1883 1886, Mr. Matamoros was General Manager the Pacific 
Railroad Costa Rica, and the latter year was asked act Chief 
Engineer for Costa Rica the Boundary Conference between Costa Rica 
and Nicaragua, which work remained until 1889. this year was 
made Director General Public Works Costa Rica. this same year, 
was sent Washington, C., advise the Costa Rican Legation the 
question the Nicaraguan Canal, which was then for important 
discussion. 

1893, while still Director Public Works, Mr. Matamoros had one 
the thrills that come once life time and which recited the writer 
late 1933. The Intercontinental Railroad Commission, which the 
late Alexander Cassatt was President, had been created and field parties, 
aided the United States Government and charge that incomparable 
locating engineer, the late William Shunk, were headed for South America 
from the United States, and, course, they must pass throughout the length 
Costa Rica from Nicaragua Colombia (later the Republic 

Mr. Matamoros lost time contacting Mr. Shunk and was quickly 
rewarded being placed charge section the work Costa Rica. 
genius picking men and getting the best out them with few kind 
words, Mr. Shunk conferred Mr. Matamoros this honor, which the latter 
loved recall his retirement and which unquestionably went with him, 
great satisfaction, the very end. 

official report the Intercontinental Survey which was printed 
permanent book form the United States Government, much credit given 
Luis Matamoros for the successful completion the Costa Rican Section 
this important undertaking. 
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Mr. Matamoros’ tenure Director General Public Works continued 
until 1902, when was elected the National Congress Costa Rica, which 
office held for four-year term. 

Returning active duty his profession, was Chief Engineer 
charge the construction the Pacific Railroad, well Municipal Engi- 
neer for the Capital City, San José, from 1906 1910. Although had 
served his country the National Congress for time never neglected his 
private practice civil engineering, which, during the more active years 
his life, was considerable scope. 


During the ensuing four years, 1910 1914, the Boundary Commissioners 


again sought Mr. Matamoros’ advice and engineering skill, this time 
the parley between Costa Rica and the new Republic 
Engineer for his country was called the Legation Washington 
important missions, both pertaining engineering and diplomacy the 
interest Costa Rica. 

Having been compelled spend much his life away from his home and 
his family, Mr. Matamoros now decided settle down San José and devote 
more his time his growing private practice. Therefore, until 1921, 
accepted active engagement which would take him away from his loved 
ones for any length time. 

Again heeding the call his country, Mr. Matamoros was appointed and 
accepted the post Chief Engineer and Member for Costa Rica, the Inter- 
national Commission for the location the boundary line between Costa Rica 
and accordance with the award the late Chief Justice White, 
the United States Supreme Court. This assignment lasted nearly two 
years. 

With advancing years, Mr. Matamoros wisely declined consider any 
more offers calculated overtax his faculties and retired his home and 
study. His engineering library was the best Costa Rica, and nothing 
pleased him more than spend his days reading and chatting with few 
loved tell the visit San José the late Leonard 
Am. Soc. E., for the purpose investigating and reporting the 
water supply the Capital. 

Mr. Matamoros was the author the following pamphlets: “Memoir 
the Figure the Celestial Bodies” (First Prize the Academy Lausanne); 
“Theory the Formation the Mountains the Globe”; and“Theory 
Earthquakes”; well several pamphlets Mathematics and Physics. 
was member the Associacion Amicale des Ingenieurs, the Boston Society 
Civil Engineers, the New England Water Works Association, and Past- 
President, Facultad Ingenieros Costa Rica. 

May 1887, Luis Matamoros was married Angelina Loria Yglesias, 
San José, who bore him six children, three boys and three girls, whom 
boy, Luis, died infancy. There are sixteen grandchildren. One son, 
Juan Matamoros, graduate Civil Engineering from Lehigh University, 
Bethlehem, Pa. 

Mr. Matamoros was elected Member the American Society Civil 
Engineers October 1905. 
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MARSHALL MORRIS, Am. Soc. 


Diep 24, 1935 


Marshall Morris was born Jefferson Mines, Ala., September 16, 1877. 
His father was the late Marshall Morris, Am. Soc. E., and his 
mother was Tinie (Witherspoon) Morris, Longview, Tex. 

Most Marshall Morris’ early life was spent Louisville, Ky. After 
graduating from the Manual Training High School, Louisville, attended 
Rose Polytechnic Institute, Terre Haute, Ind., and Vanderbilt University, 
Nashville, Tenn., Class 1899. was member Chi Chapter 
Kappa Alpha. 

Mr. Morris started his business career Rodman with the Corps 
Engineers, United States Army. Later, was with the Breckenridge Asphalt 
and the Louisville Bridge and Iron Company. also served 
Assistant Engineer for the Louisville and Nashville Railroad Company, 
and the same capacity the Memphis, and the Cincinnati, 
Divisions the System. These activities extended from 1897 1906. From 
1906 1909, Mr. Morris was employed Efficiency Engineer for the 
Speed Company Coal Mines Kentucky. 

1909, moved Texas, turning his attention the building construc- 
tion field, and this endeavor (in addition his private engineering prac- 
tice), served General Superintendent various large building projects. 
Some the more prominent buildings which was engaged are: The 
Mills Building, Paso, Tex.; The Blind Institute Buildings and Confed- 
erate Womens Building, Austin, Tex.; Hodges-Neal Building, and Gholson 
Hotel, Ranger, Tex.; and the San Antonio Arsenal (1918 addition), the 
Blue Bonnet Hotel, the Incarnate Word College Buildings (1928 additions), 
and the San Antonio Municipal Library, San Antonio, Tex. 

Mr. Morris specialized reinforced concrete design and construction 
and was known throughout the State authority the subject. 
studied constantly and kept abreast the advancement concrete design 
from its earlier stages. was particularly appreciated the Building 
Industry for his knowledge, thoroughness, and painstaking execution 
details. His handling men was noteworthy his accomplishments 
construction. While erecting building was also modeling and shaping 
men character and giving them deeper, keener insight into their chosen 
profession. was never too busy give helping hand. 

the time his death, March 24, 1935, was serving Resident 
Engineer Inspector for the Public Works Administration projects 
Dallas, Tex. 

Although quiet and unassuming, Mr. Morris always made and retained 
host friends wherever went, who recognized his honest, straightfor- 
ward, clear-thinking, friendly manner. 


*Memoir prepared Messrs. Preston Brooks, and Austin, Tex. 
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May 21, 1919, was married Margaret Groos, Kyle, Tex 
Besides his widow, leaves sister, Mrs. George Haynes, Indianapolis, 
Ind., and brother, John Morris, New York, 

Mr. Morris was elected Member the American Society Civil Engi- 
neers February 1910. 


ROBERT BROOKS MORSE, Am. 


Diep 31, 1936 


Robert Brooks Morse, Chief Engineer the Washington Suburban Sani- 
tary District, Hyattsville, Md., died January 31, 1936, septicemia, 
hospital Washington, His death marked the close career exempli- 
fying the finest qualities associated with the Engineering Profession. Diffident 
approach, generally silent speech, and imbued with the highest sense 
public service, Mr. Morse carried long professional career productive 
more permanent usefulness the State Maryland than perhaps any single 
individual resident therein. always the case with persons great 
modesty, the State Maryland perhaps would the last recognize the 
validity this statement, when more outspoken, more popular, and less 
effective individuals absorb the public spotlight. 

The contributions engineer public life such Mr. Morse, 
ing entire lifetime the development public administration for the 
welfare the citizens the State, are generally buried the archives 
technical societies and legislative halls. Fortunately, history discloses 
these contributions, and the permanent imprint men 
assumes the significance which those familiar with Mr. Morse’s career believe 
deserves. 

Robert Brooks Morse was born September 13, 1880, Montpelier, Vt, 
and was the eldest son the late Professor Harmon Morse, Johns 
Hopkins University, Baltimore, Md., and Caroline Augusta (Brooks) 
Morse. was educated the Baltimore City College and was graduated 
from Johns Hopkins University, 1901, with the degree Bachelor Arts. 
was student the University Maine, Orono, Me., 1902, and, 
1904, received the degree Bachelor Science from the Massachusetts 
Institute Technology. 

began his engineering experience Draftsman the Bureau 
Construction and Repair, United States Navy Department, Washington, 
1904 and 1905. became Draftsman, Assistant Engineer, and 
Assistant Division Engineer, the Sewerage Commission the City 
Baltimore from 1905 1910, and then Assistant Sanitary Engineer the 
Metropolitan Sewerage Commission New York, Y., from 1910 1912, 
plans and studies for eliminating the pollution New York 

1912, when Mr. Morse was appointed Chief Engineer the Maryland 
State Department Health, started organization responsible for the 
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control the water supply and sewerage systems Maryland. That Divi- 
sion became one the pioneers the sanitary engineering field the United 
States. held this office from 1912 1922, and during that period wrote 
the Maryland Water and Sewerage Law which has stood the test time for 
twenty-two years and has served model for legal enactments number 
other States. remains the legislative books to-day one the 
important factors sanitary administration the State Maryland. 

During this period, collaborated the preparation the Washington 
Suburban Sanitary District Act, 1918. This act, too, was drawn with little 
precedent for guidance creating the pioneer sanitary district 
Maryland. It, too, has been used model the formation similar 
districts, both within and without the State. the direction the Wash- 
ington Suburban Sanitary District, Mr. Morse showed the highest degree 
originality and skill the many intricate engineering details involved 
the administration that agency. 

Always the alert depart from orthodox principles and methods, where 
consistent with sane and logical engineering practice, conceived and 
patented the design concentric steel filter plant assembly, recently con- 
structed Burnt Mills, the Washington Suburban Sanitary District. The 
plant has attracted international attention one the most novel and 
ingenious water filtration plant structures the world. mentioned 
here solely indicate the breadth vision, the originality thinking, and 
the ever-present desire avoid being hampered precedent. 

Mr. Morse was also the co-holder patents for efficient methods pump- 
ing sewage and for special cast-iron cut-in fitting for use making sewer 
line connections. 

was conferee the New Annex Advisory Commission, Baltimore 
(1919); member the Annapolis, Md., Sewerage Commission (1920); 
the Maryland Park and Planning Commission (1927); the Regional Water 
Supply, and Drainage and Sewerage Committees the National Park 
and Planning Commission, Washington, (1929-1930); the Water 
Resources Commission Maryland (1931-1933); and member the Sub- 
Committee the Maryland-Washington Region the State Planning Com- 
mission Maryland. Mr. Morse had been private engineering practice 
since 1910, serving Consulting Engineer the Baltimore Sewer Depart- 
ment, sewer system valuation; Annapolis and Laurel, Md., 
improvements the water systems; and number other communities and 
private enterprises matters water supply, sewage disposal, and land 
development. testified number times expert witness matters 
pertaining sewerage, sanitation, water supply, and power cases. 

member the American Water Works Association, Mr. Morse was 
Chairman the Publication Committee and member the Committee 
Water Service Pipes. represented the American Society Civil Engi- 
neers the Committee for Standardization Manhole Frames and Covers; 
was member the Committee Clay and Cement Sewer Pipe the 
American Society for Testing Materials; and member the Committee 
Municipal Contract Forms the American Society Municipal Engineers. 
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was the author the section “Metropolitan Water Districts”, and 
co-author the section “Relation Between Filtered Water Storage 
and Filter Capacity”, the Manual American Water Works Practice, 
well the author number papers water and sewerage matters 
technical journals. was member the Water Works Associa- 
tion, the New England Water Works Association, American Society 
Municipal Engineers, National Conference City Planning, American 
ciation Engineers, Engineers Club Baltimore, Phi Beta Kappa Fra- 
ternity, Manor Club, Beaver Dam Club, and Fellow the American Public 
Health Association. 

Indefatigable work, strong character, keen intellect, endowed with 
sense personal responsibility for public service, Mr. Morse leaves the 
State permanently indebted his activities. Ever helpful those associated 
with him, friendly and unassuming manner, leaves behind him 
legion friends all walks life. 

survived his widow, daughter, Mrs. Julian Ashton Devereux, Ruxton, 
near Baltimore, grand-daughter, Caroline Vail Devereux, and sister, 
Dr. Mary Elizabeth Morse, Baltimore. 

Mr. Morse was elected Associate Member the American Society 
Civil Engineers June 30, 1910, and Member September 1914. 


WILLIAM MULHOLLAND, Am. Soc. 


Diep 22, 1935 


The morning July 22, 1935, marked the closing the glorious career 
one the truly great members the Engineering Profession. 

William Mulholland was born Belfast, County Antrim, Ireland, 
September 11, 1855, the son Hugh and Ellen (Deakers) Mulholland. His 
early life was spent Dublin, where his father was connected with the 
Government mail service. began his education the National Schools 
and, later, attended the Christian Brothers College that city. the age 
fifteen, after preparing himself special course study 
and navigation the hands private tutor, Mr. Mulholland went sea. 
After four years before the mast, became dissatisfied with sea-faring life 
and determined come the United States take different career 
new country, having visited some its Atlantic Coastal cities during his 
nautical years. 

Landing New York City, June 1874, Mr. Mulholland went 
the Great Lakes where resumed his career sailor during the summer 
and worked the lumber camps near Manistee, Mich., the winter. The 
following year, 1875, went Pittsburgh, Pa., where made his home with 
his uncle, and was employed the latter’s dry goods store. 
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During his residence Pittsburgh, read book, Nordhoff’s “Cali- 
fornia”, which aroused his youthful interest that, December, 1876, shortly 
after his twenty-first birthday, and his brother set sail from New York City, 
for the land his dreams. Arriving Colon, Panama, they left the ship and, 
save the $25 railroad fare, walked the forty-seven miles across the Isthmus, 
following the railroad the City Panama. There the brothers joined the 
crew ship that sailed Acapulco, Guerrero, Mexico. that port 
ship was taken which bore them their destination, San Francisco, 
Calif., where they landed 1877. few days San Francisco, they 
started for the San Joaquin Valley the land wonder and beauty that had 
been vividly portrayed Mr. Mulholland the book had read 
Pittsburgh. Martinez, they obtained horses and rode down through the 
Valley, passing through Bakersfield, and finally reaching Los Angeles. 

This little Spanish city (at that time less than 9000 inhabitants) sur- 
rounded vineyards and citrus groves through which meandered tiny 
willow-banked river (which later came play such important part his 
life) impressed him that determined make this place his home; and 
near the little Town Compton, the outskirts Los Angeles, began 
his long career water production and distribution digging Artesian 
water wells with hand-drill, subsequently installing the first water system 
for the town which now the City Long Beach. The following winter 
months were spent prospecting near Erhenberg, Ariz., and there Mr. Mul- 
holland first saw the Colorado River which, forty-five years later, planned 
utilize new source water supply for the City Los Angeles. 

Returning Los Angeles the spring 1878, went work for the 
Los Angeles City Water Company, one the companies which that time 
had franchise supply the city with water. The Los Angeles River was 
the source supply, and the distribution system consisted one reser- 
voir with capacity 000 000 gal, together with series open ditches, 
which Spanish were termed “zanjas.” really began that which later 
developed into one the most unique and successful lives professional and 
public service that man could desire. Starting humble “zanjero”, 
ditch-tender, whose duty was keep the ditches clear brush and foreign 
material, his talents and qualities leadership were soon recognized, culminat- 
ing his appointment Superintendent 1886. 1898, the franchise 
under which this Company operated expired, and Mr. Mulholland continued 
serve Superintendent through the following years litigation that pre- 
ceded the ultimate purchase the existing works the City Los Angeles 
1902. After the transfer the new ownership, Mr. Mulholland continued 
serve his former capacity. 

During his fifty years meritorious service the people, achieved 
distinction unprecedented the history water development and water- 
works construction. Keeping pace with his city adoption, realizing its 
potentialities, anticipating its needs, his foresight and dynamic leader- 
brought about his lifetime, the construction one the largest 
and most unique water systems the world, the unrestricted development 
overgrown village the fifth largest metropolis the United States. 
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From original distribution system containing few thousand feet open 
ditches, supplied single reservoir with capacity less than acre-ft, 
system more than 800 miles pipe and reservoirs and tanks capable 
storing more than 000 acre-ft water (the most which was conceived 
and completed during his last thirty years service) was, itself, 
ment which, doubt, will never duplicated. 

addition, 1908, Mr. Mulholland began the construction that remark- 
able project that was bring him world-wide recognition and appreciation 
the commercial world well his professional associates. Completed 
1913, less than the estimated time construction and below its estimated 
cost, the Los Angeles Aqueduct, the largest structure its kind the 
established successful precedent for long-distance water transportation for 
the profession for generations come. This system addition its 240 
miles conduit and siphon, contains acre-ft primary and control 
reservoir storage. The difficulties and the daring and unusual 
features incorporated the construction this monumental piece work 
have long been familiar the profession and, consequently, they will not 
discussed herein. However, mention must made, connection with this 
work, that great quality leadership and ability possessed Mr. Mul- 
holland—which, unfortunately, infrequently possessed other great 
engineers—a leadership that enabled him appear before and verbally present 
his idea more less disinterested laity; arouse and convince that the 
sum which was asking for the construction this project, 
and which those days was considered unheard amount money, was 
really based sound, far-sighted judgment, and was not merely 
dream; and that the successful completion this project was feasible and 
vitally necessary for the future growth the city. 

Mr. Mulholland also gained great distinction his successful construction 
large earth dams for the creation required reservoir storage, establishing 
precedent thereby for the profession the matter high earth dams. 
all, personally conceived and supervised the construction twenty-seven 
dams this type. 

1923, realizing that few years the potential water supply that could 
obtained from the Sierra Nevada means the Los Angeles Aqueduct 
would prove inadequate provide for the needs the rapidly growing city, 
turned for new source supply the Colorado River, which had first 
seen the year his arrival Los Angeles. Under his direction, 6000 
miles territory theretofore unmapped were surveyed plane-table and 
studied for the location possible routes for aqueduct having capacity 
1500 sec-ft. The result this work has been expressed the construction 
aqueduct The Metropolitan Water District, which all maps, surveys, 
studies, and data were given upon the formation that organization, 
association thirteen Southern California cities. 

Mr. Mulholland acted Consulting Engineer the Cities Sacramento, 
San Francisco, Oakland, and the East Bay District, California, and for 
Seattle, Wash., during the development their respective water supplies 
also acted similar capacity numerous smaller projects throughout 
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the Southwest, well Consultant for the City Los Angeles with respect 
the construction its Outfall Sewer. served member the Engi- 
neering Advisory Board Water Resources and Development the State 
California. 

the personal side Mr. Mulholland, enough good cannot said. 
Self-schooled for the most part, this remarkable individual early life learned 


that Mother Nature was the one Great Engineer whose precedents could 


followed safely. This, coupled with his keenly observant nature and remark- 
ably retentive memory, contributed largely the success his career. 
the process digging his first well Southern California encountered 
tree and various fossils more than 600 below the surface. This inspired 
geology which gave him authoritative recognition that branch 
science later life. The desire protect and beautify the reservoirs and 
dams had built, led intensive study botany that left him posses- 
sion authentic knowledge the flora California well 
those foreign countries similar climatic and soil characteristics. 

seldom disclosed but nevertheless ever-present deeply poetic nature, the 
birthright his forebears, made Mr. Mulholland diligent and appre- 
ciative student the classics. The works Pope, Carlyle, and Shakespeare 
gave him his great understanding mankind and human nature. “Hamlet,” 
his favorite play, provided him with the following precept which pat- 
terned his life and from which there was deviation: 

“This above all: thine own self true, 
And must follow, the night the day, 
Thou canst not then false any man.” 

These habits self-application and highly developed sense observation, 
coupled with the most remarkably retentive memory with which the writer has 
ever been contact, doubt contributed largely his tremendous fund 
natural and technical knowledge. 

was the writer’s great privilege have enjoyed the professional 
and social association Mr. Mulholland for more than twenty-five years, 
during the period his greatest activity. was his remarkable will and 
personality that made his tremendous accomplishments possible. His absolute 
fairness, his honesty, and his sincerity were outstanding. enjoyed loyalty 
from those who worked with him and under him that was tribute the 
man was. 

Despite his extraordinary capabilities and his tremendous accomplishments, 
was man extreme modesty. The writer vividly recalls the day the 
dedication the Los Angeles Aqueduct. After years appearing before 
the public and speaking behalf the necessity and feasibility this 
project; after bearing the burden heckling and skeptical opposition during 
the formative years the planning this work when considerable doubt was 
cast that water would actually brought the city said would, 
well during the period construction when the tremendous responsi- 
bilities overcoming the seemingly insurmountable difficulties encountered 
engendered load that one man should have shouldered—yet his dedicatory 
address delivered when the gates were opened and the first water flowed from 
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the Owens Valley down the Cascades into the San Fernando Reservoir was, 
“There is. Take it.” 

later years incident that occurred shortly before was stricken 
was very typical Mr. Mulholland. The writer and were standing the 
San Fernando Dam overlooking the San Fernando Valley that had been 
formed from desert waste into the garden spot that to-day result 
the water had brought there means the Los Angeles 
Silently gazed out over the verdant expanse for few minutes, and then 
said, “The fact that the Valley has developed has compensation enough 
for all us.” That terse statement was characteristic him. the job 
was well done, that was all asked. 

July 1890, Mr. Mulholland was united marriage Lillie 
son, which union five children were born. survived his children: 
Rose Mulholland, Mrs. Lucille Mack, Mrs. Ruth Wood, and Thomas and 
Perry Mulholland. 

December, 1928, retired from active service, but still continued 
serve the City advisory capacity until the time was stricken. 

tribute his work, the University California 1914 conferred 
upon him the honorary degree Doctor Laws. Mr. Mulholland was 
Charter Member, and acted third President, the Los Angeles Section 
the Society; member the Pacific Association Consulting Engineers; 
Honorary Member the American Water Works Association; Charter Mem- 
ber the Engineers and Architects Southern California; member 
the Seismological Society America; and Honorary Member the 
National Association Power Engineers. was also Honorary Member 
the Tau Beta Fraternity, and member the California, Sunset, and 
Celtic Clubs. 

its meeting July 29, 1935, the Board Directors the Los Angeles 
Section the Society unanimously passed the following resolution: 

“Whereas, July 22, 1935, the Supreme Engineer the Universe engraved 


name his roster public servants, that being William Mulholland; 
and, 


“Whereas, during his lifetime constructed greater monument his 
than can now erected his memory; and 


“Whereas throughout his long career his faculties with human 
qualities, which made him universally loved well respected, and his 
devotion the common welfare reflected credit upon his chosen field 
endeavor; and 

“Whereas, the Engineering Profession, its entirety, and particular 
the Los Angeles Section the American Society Civil Engineers, which 
has been member since its inception and its third President, has suffered 
irreparable loss; now, therefore, 

“Be Resolved, that the Board Directors, acting for the Los 
Section the American Society Engineers, express its profound 
and convey the members his family its deepest sympathy for the 
tion his counsel and friendship and that copy this resolution for 
warded the members his family.” 


Mr. Mulholland was elected Member the American Society 
Engineers February 1907. 
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EDWARD TOWLER MURCHISON, Am. Soc. 


May 1935 


Edward Towler Murchison was born Ripon, Wis., November 22, 1888, 
the son Murdock William Murchison and Clara (Eddy) Murchison. 
received his primary education Englewood High School, Chicago, 
from which institution was graduated 1906. Circumstances the time 
prevented his completing his education which was started the University 
Washington, Seattle, Wash. His educational career, although not com- 
pleted the University, was supplemented intensive study after the usual 
working hours, while engaged his several engineering positions. 

Rodman from June, 1906, July, 1907, Mr. Murchison was employed 
the Topographical Survey the River Valley for the Sanitary 
District Chicago, Ill. This engagement was followed his employment 
Rodman the construction the Grand Trunk Pacific Railroad, the 
main line through Manitoba and Saskatchewan, Canada, and following that 
work Topographer the location the Canadian Northern Pacific 
Railroad the main line British Columbia. June, 1909, Mr. Murchison 
had his first position responsible charge work when was made Assis- 
tant Engineer the Powell River Paper Company, miles north Van- 
couver British Columbia, its heavy mill, dam, and railroad construction 
program. this assignment had charge the field work and was entire 
charge the project the absence the Chief Engineer. the comple- 
tion this project, became Assistant Engineer for Ray and McKean, 
Engineers, Seattle, Wash., and had charge surveys and construction 
real estate development Factoria, Wash. 

From April December, 1911, Mr. Murchison was Assistant Engineer 
with the San Benito County Highway Commission, California, after which 
became associated with the South Park Commissioners Chicago, 
Assistant Engineer tunnel construction. January, 1913, entered the 
service the City Chicago, and for four years was actively engaged 
the design and construction sewers, the Southern Division the city. 
December, 1916, was transferred the Technical Staff the Committee 
Finance the City Chicago, one the engineers who made engineer- 
ing reports and investigations. was engaged this capacity when was 
called serve his country the World War. After entering the Service 
1917, became candidate engineer the Officers’ Training Camp the 
United States Army, was commissioned First Lieutenant Engineers, and 
following duty with various organizations the United States, went overseas 
Engineer Officer Charge Construction the 39th Division, American 
Expeditionary Force. 

Following his discharge from the Army, Mr. returned 
January, 1919, and re-entered the service the City with the 
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Technical Staff the Department Finance. December, 1919, wag 
assigned Junior Engineer sewer design and construction the South 
Division the Board Local Improvements the City Chicago, which 
position retained until April, 1921, when became Assistant Engineer for 
the Sanitary District Chicago, charge sewer construction, 
tion canal banks, and the preparation engineering reports and sewer 
design. March, 1923, Mr. Murchison resigned his position with the Sani- 
tary District Chicago and became Assistant Superintendent Building 
Construction with the Commonwealth Edisoa Company, Chicago. had 
charge the field work and the construction several large electric power 
plants Chicago. 

From May, 1925, May, 1926, was private practice Civil Engi- 
neer Florida. Returning Chicago was, from May, 1926, January, 
1929, Assistant Chief Engineer the Krenn and Dato Construction Company 
charge the design and construction municipal utilities, including 
plete charge sewer and water contracts Construction Superintendent 
various parts the Central West. Following his work with the Krenn and 
Dato Construction Company, Mr. Murchison became associated with the Cen- 
tury Progress Exposition, Chicago, and, for four and one-half years, 
was charge the design and construction all underground utilities; 
plumbing within huildings; water and sewerage pumping stations; water and 
sewerage systems; and the pavements for all roadways. 

Throughout his career engineer, was honored and respected 
all his friends and engineering associates, and was tower strength all 
with whom came contact. his last work the Century Progress 
Exposition, Chicago, Mr. Murchison had the courage pioneer many 
phases this important work, and, result, effected economies design 
and construction that saved enormous sums money. 

1917, was married Maude Louise Jansen, who survives him, with 
Robert, and daughter, Ruth. 

Mr. Murchison was elected Associate Member the American Society 
Civil Engineers April 1922, and Member December 26, 1933. 


FRANK AMENDE MUTH, Am. Soc. 


Diep January 31, 1936 


Frank Amende Muth was born Kirksville, Ky., January 27, 
the son Edward Godfrey and Elizabeth Carroll (Tevis) Muth. After his 
preparatory education, attended the University Miasouri, 
Mo., from 1906 1910, and received the degree Bachelor Science 
Civil Engineering from that institution. also did post-graduate work 
the University Missouri, well Tulane University, the College 
Commerce New Orleans, La. 
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Mr. Muth began his engineering work Surveyman with the United 
States War Department 1909, for the period from June September. 
From June September, 1910, was Surveyman, with the United States 
Reclamation Service, the Milk River Project, Malta, Mont. From 
September, 1910, July, 1911, taught for one term the Civil Engineer- 
ing Department, the University Missouri, and from July, 1910, 
July, 1911, served Assistant Dean Shaw, Construction 
Engineer the water-works Columbia, Mo. 

Aide the United States Lighthouse Service, Staten Island, 
New York, Mr. Muth made surveys, designed for signal layouts, clockwork, 
and mechanisms, made photometric tests, inspected engineering materials 
for steel buoys and vessels, steel mills, including the supervision the 
construction concrete lighthouse Huntington Harbor, New York, 
well concrete and steel casing around 167-ft brick tower, Fire 
Island, New York. His work also included tests oil engines and air com- 
pressors, the construction coast-protection devices and riprap protection 
lighthouses, and the rebuilding and restoring lighted structures. From 
December, 1914, July, 1919, was Assistant Superintendent, Office, Light- 
house Inspector (this designation later was changed Superintendent 
Lighthouses), Eighth Lighthouse District, New Orleans, La., where 
was engaged the design and supervision construction lighthouse 
structures, consisting lighthouses, beacons, dwellings, and wharves. From 
July, 1919, November, 1935, was First Assistant Superintendent, Eighth 
Lighthouse District, with increase responsibility design, and charge 
the supervision and control field repair and construction forces. the 
time his death, Mr. Muth was serving the capacity Superintendent 
Lighthouses, Seventeenth District, Portland, Ore. 

From June December 1924, Mr. Muth was granted six months 
leave absence the Lighthouse Service perform the work revising 
the Building Code the City New Orleans. 

was elected member the Louisiana Engineering Society 
October 1915, and was appointed Secretary that Society January 20, 
1923, which office served continuously for nearly thirteen years, until 
his departure from New Orleans, November, 1935. 

For many years Mr. Muth served member the Board State 
Examiners for Civil Engineers practicing the State Louisiana. 
was also member the Board Appeals Building Code. 

was member the Propeller Club, New Orleans; Commander 
the Boy Scouts America, New Orleans Council (1926 1931); and 
member the Rotary Club New Orleans. 

married July 16, 1913, Allie Lewis Frank, and survived 
his widow, two sons, and daughter. 

Mr. Muth was elected Associate Member the American Society 
Civil Engineers October 10, 1916, and Member January 18, 1926. 
President the Louisiana Section the Society 1927 and 1928, 
and Secretary for many years prior April 25, 1925, when was elected 
Vice-President the Section. 
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ARTHUR O’BRIEN, Am. Soc. 


24, 


Arthur O’Brien was born Forestport, Y., January 1870, the 
son Jeremiah and Catherine (Hennessy) O’Brien. attended the local 
schools and received good education the town then afforded. After 
leaving school, Mr. O’Brien taught the district school Floyd, 
Soon afterward went into the lumbering business which his knowledge 
the work and his natural aptitude for mathematics secured rapid promotion. 

April, 1894, entered the Department the State Engineer and Sur- 
veyor New York State where served Chainman, Rodman, Leveler, 
and Assistant Engineer. 1896, was placed charge surveys, esti- 
mates, Later, had charge the construction sea-wall and break- 
waters, Geneva, Y.; seven miles the Erie Canal improvement, 
Montezuma, Y.; dredging the harbor and canal, Cayuga, Y.; build- 
ing causeways across Otisco Lake, Otisco, Y.; and other canal work. 

also took charge surveys, plans, and estimates for highway improve- 
ment, Syracuse, Y.; the relocation the boundary line between 
New York State and Connecticut and Canada; the construction lift- 
bridge, Utica, Y.; and fixed-span bridge, Rome, These seven 
years State work gave Mr. O’Brien not only wide knowledge 
work, but also extensive acquaintance with public officials, contractors, and 
others engaged the construction industry. 

April, 1902, together with Messrs. Campbell Adams, former State 
Engineer, Utica, and Herschel Roberts, Albany, Y., Mr. O’Brien 
sailed for Norway take charge the building railroad and harbor 
Mo, for the Dunderland Iron Ore Company, Limited, London, England. 
After the completion this important piece work, Mr. O’Brien traveled 
the Continent and studied some the European engineering projects. 

Upon returning the United States, engaged private practice 
Albany, Y., until 1906, when took the position General Manager 
the Fort Orange Construction Company. this capacity had charge 
the construction three great locks the Barge Canal, Waterford, 

the fall 1907 Mr. O’Brien was asked accept the position City 
Engineer, Utica, his home county. was the first City Engineer 
under the second-class cities charter. 1910 and 1911, was again engaged 
canal work, being employed the Receiver the McDermott Construction 

January, 1912, Mr. O’Brien was appointed the Board Supervisors 
Oneida County County Superintendent Highways, which position 
held continuously until his death, except for one year—August, 1919, 
August, 1920. Under his direction more than 500 miles County roads were 
constructed, giving employment during the last few years between 600 
and 700 men, annual expenditure about supervised the 
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work done town roads well County roads and organized and supervised 
the work snow removal throughout the County. was known one who 
spent public money conscientiously his own, saving the County thousands 
dollars. 

Mr. O’Brien possessed unusual knowledge highway law and was con- 
sidered authority the subject. was known throughout the State 
excellent authority road construction and maintenance. Throughout 
his life, was constant reader worth while books. This trait, combined 
with his excellent memory, gave him knowledge the best literature 
which few possess. 

For many years was member the Fort Orange Club, Albany, and 
the City Club, Utica. also belonged the Rome Club and the Repub- 
Club, Utica. was never married. 

The Utica Daily Press April 27, 1935, contained the following editorial 
notice Mr. O’Brien’s death: 


regret will felt over the death Arthur O’Brien, County Super- 
intendent Highways, which followed illness only few days. 
was quiet, unassuming man, courteous his attitude toward his fellow men. 
There was reserve about him, however, which gave him personality and 
strength character. His demeanor and actions won him the confidence and 
trust those with whom had deal. 

“These qualities, combined with his ability engineer, had enabled 
him hold the office County Superintendent Highways for twenty-two 
years. Merit, rather than politics, retained him office. served 
the County faithfully and honestly. Whatever factional differences prevailed 
the Board Supervisors, which owed his appointment, they rarely, 
ever, involved him. This was because all regarded him honest and 
efficient official, whose services were valuable the county. had created 
following upon stronger base than politics. set good example for 
those who are office, who may contemplating entering public life. 
had busy and useful career and industry and perseverance had won 
high rank his profession engineer.” 


Mr. O’Brien was elected Member the American Society Civil 
Engineers July 1909. 


SIR FREDERICK PALMER, Am. 


1934 


Frederick Palmer, son George Palmer, Railway Contractor, was born 
South Wales, Great Britain, January 31, 1862. was educated 
Neath and 1876 became articled pupil the Great Western Railway, 
serving Assistant Engineer after the completion his four years 
pupilage, until 1883. 

that year Mr. Palmer was appointed Assistant Engineer the East 
Indian Railway. was selected for the post the late Sir Alexander 
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Rendel, then Consulting Engineer the Government India, who nearly 
thirty years later, invited him become his partner. 

India Mr. Palmer soon began distinguish himself. After experi- 
ence charge the Drafting Room and personal Assistant the Chief 
Engineer, Calcutta, was promoted 1889 Resident Engineer and 
placed the survey the Grand Chord Line the Hill Section. 
became District Engineer, Allahabad, charge maintenance. 
1896, was appointed Engineer Charge the Moghalserai-Gaya Survey 
and subsequently became District Engineer charge the construction 
the line which comprised 126 miles new railway, including bridge 
over the Sone River consisting spans 100 ft, which incidentally was 
and still the longest bridge India. 

the completion this work 1900, Mr. Palmer had spent about seven- 
teen years railway engineering the East Indian Railway. then 
took and devoted himself for twelve years exclusively dock and harbor 
work. 

About this time the trade Calcutta was outgrowing the accommodation 
and the Port Commissioners required experienced engineer prepare 
plans for the development the Port and carry out the extensions. Mr. 
Palmer applied for the position and, 1901, was appointed Chief Engineer. 
was soon actively engaged the construction additional jetties the 
Hooghly, with transit sheds and equipment and new berths the Kidderpore 
Docks meet the most pressing needs. the same time prepared com- 
prehensive report dealing with the increase traffic and the size ships 
and including proposals and plans for new docks and jetties Garden Reach, 
but was not until affer the World War that these projects were undertaken. 

Meanwhile 1909 Mr. Palmer, being then leave England, was 
offered and accepted the appointment Chief Engineer the newly consti- 
tuted Port London Authority. The problem here was similar that 
the Port Calcutta but larger scale. was fact modernize the 
existing accommodation and equipment and provide for the future growth 
the largest port the world. 1910 presented report which included 
program deepening the channel the River Thames for miles from 
London Bridge the Nore Lightship and proposals for improvements 
existing docks, consisting new enlarged entrance locks, installations 
impounding pumps, dry docks, enlarged transit sheds and warehouses, and 
improved equipment and communications road and railway, together with 
new docks with larger entrance locks and new dry docks the Victoria and 
Albert Dock group and Tilbury, where also floating passenger landing- 
stage was provided which the largest liners using the Port could 
alongside any stage the tide. Many the works improvement 
had been carried out when 1913 Mr. Palmer resigned the post Chief 
Engineer become partner the firm Rendel, Palmer and Tritton, 
Consulting Engineers, which, the death Sir Alexander Rendel 
1918, became the head. 1925, however, was appointed Consulting 
Engineer the Port London Authority carry out major works the 
West India Docks and Tilbury. The floating passenger landing-stage, the 
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last these works completed, was brought into use 1930, which 
time £20 000 000 had been spent the improvements and extensions which 
had initiated. 

During the World War, 1914 1918, Mr. Palmer gave his services volun- 
tarily the Ministry Munitions, under which became Director General 
Contract Finance and Chairman the Munitions Works Board, and 
the Board Trade which was appointed Chairman Committee 
consider the future English railways. The conclusions this Committee 
formed the basis the legislation subsequently adopted this subject. 

After the war, directed with ability the activities his firm, Con- 
sulting Engineers the Government India, including the State Railways 
India, well most the company-owned railways that country; 
number Native States; several Indian Harbor Boards; the 
Crown Agents for the Colonies; the Port Glasgow, the Tyne 
Commissioners; the River Mersey Conservators; the Mersey Harbor 
Board; and other public bodies. 

1920 Mr. Palmer was elected member the Commission Consulta- 
tive Internationale Travaux Canal Suez, succession Sir 
William Matthews, and continued serve that Commission the time 
his death. 

1919 was asked advise facilities the Port 
Karachi, India, and 1920 after two visits that port presented 
valuable report embodying plan extension and improvement marked 
his then well-known foresight and good judgment. The plan was accepted and 
the works have since been largely completed. 1921 Mr. Palmer represented 
the Foreign Office the Shanghai Harbor Committee and 1923 reported 
the Government China Yangtse River improvements. the same 
year, advised the Anglo-Persian Oil Company the possibility improv- 
ing the Shatt-al-Arab between the Anglo-Persian Oil Company’s depot 
Abadan and the open sea. His recommendations have been carried out and 
have resulted the depth water the bar about miles from Fao being 
increased from low water, thus enabling oil tankers and other 
large vessels navigate the river. this year also, the request the 
Colonial Office, visited Palestine advise the Government the question 
harbor. His recommendations were adopted and the construction 
harbor Haifa the Palestine Government, with his firm Consulting 
Engineers, was begun 1929 and completed 

1924, was asked the Secretary State for the Colonies report 
Takoradi Harbor, Gold Coast, firm was subsequently appointed 
Consulting Engineers for the completion the construction. The. harbor 
was opened 1928. 

1926, Mr. Palmer became President the Institution Civil Engi- 
neers and was while holding this important office that was invited 
the Canadian Government advise the selection the terminal port 
for the Hudson Bay Railway, projected afford more direct route Eng- 
land for wheat and other products from Western Canada. His recommenda- 

tion Churchill preference Nelson was adopted and the Port 
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Churchill was opened for traffic September, 1931, the loading the 
Farnworth with 227000 bushels wheat for London. 1927, advised 
the Canadian Government plan for £10 000 000 terminal station for the 
Canadian National Railways, Montreal, Que. 

1927 his firm was asked the Colonial Office prepare project 
for bridge over the River Zambesi give uninterrupted rail communica- 
tion between Nyasaland and the seaport Beira. The bridge, which 
064 length and believed the longest bridge the world over 
river, was constructed collaboration with the firm Livesey, Son and 
Henderson, Consulting Engineers. 

association with Aktiebolaget Vattenbyggnadsbyran, Stockholm, 
Sweden, his firm was responsible for the hydro-electric power installation 
Chenderoh, the Perak River, the Federated Malay States. This was 
put into commercial operation 1930. 

Mr. Palmer was closely connected with questions concerning the bridges 
London. December, 1924, reported the London County Council 
the condition Westminster Bridge. From 1926, was concerned with 
the various projects for rebuilding reconditioning and widening the much 
discussed Waterloo Bridge, but was not until after his death, 1934, that 
the demolition and rebuilding the bridge was entrusted his firm 
Consulting Engineers. Following the extraordinary flood which occurred 
the Thames the night January 1928, was appointed, with Sir 
George Humphreys, report the future standard flood prevention 
works the County London. 1929, was appointed the Council 
Engineer for the Charing Cross Bridge project. This scheme would have 
involved expenditure £12500000, but was rejected the Select 
Committee the House Commons May, 1930. Mr. Palmer was also 
appointed Engineer, 1931, for the reconstruction Chelsea Bridge and, 
subsequently, 1933, this work was entrusted his firm Consulting 
Engineers. 

1929, his firm was appointed Consulting Engineers for the bridge over 
the River Hooghly, Calcutta; for the construction the Victoria Docks 
Road forming main artery communication for this group Port 
London docks; and collaboration with the firms Livesey, Son and Hen- 
derson and Mott, Hay and Anderson, the firm was appointed the Ministry 
Transport report the Tunnel scheme. 

Mr. Palmer was appointed Companion the Most Eminent Order 
the Indian Empire (C.LE.) 1907 for his work India and, 1930, 
received the Honor Knighthood and was invested with the Insignia 
Knight Commander the Most Distinguished Order St. Michael and 
St. George (K.C.M.G.) for services the Colonies, 

1930 and 1931, his firm located new railway line, about 700 miles 
long, from Haifa, the port Palestine, Baghdad, the capital Iraq. 

Sir Frederick Palmer was man outstanding personality, great vitality, 
broad views, and sound judgment. was held high repute for the many 
large projects with which was connected, and was greatly esteemed 
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all who knew him. his death, was honored with memorial service 
Westminster Abbey. 

held the rank Colonel the Engineer and Railway Staff Corps 
and the Efficiency Decoration the Territorial Army was conferred upon 
him December, 1931. was Member and Past-President the Insti- 
tution Civil Engineers, and Fellow the Royal Geographical Society. 

was married, 1903, Florence, only child the late John Elliott 
Mason, San Francisco, Calif., and survived Lady Palmer and son 
and two daughters. 

Sir Frederick was elected Member the American Society Civil 
Engineers October 1899. 


HARRY BERKELEY PARSONS, Am. Soe. 


Diep January 26, 1935 


Harry Berkeley Parsons was born January 1862, New York, 
Y., the son William Barclay Parsons and Eliza Glass (Livingston) 
Parsons. was descended from distinguished Colonial stock, long identified 
with the development New York City. Among his ancestors were 
Robert Livingston, First Lord the Manor, who came this country from 
Scotland 1673; Cadwallader Colden, Lieutenant-Governor the Province 
New York 1760; and Colonel Thomas Barclay, who was appointed the 
British Consul General for New York, after the American Revolution. 
brother who distinguished himself engineer and soldier the United 
States was the late William Barclay Parsons, Hon. Am. Soc. E., one 
time Director the Society, who was Chief Engineer the Rapid Transit 
Railroad Commission during the construction the first Rapid Transit Sub- 
way for New York City, and, later, Colonel the 11th Engineers, American 
Expeditionary Forces, which served notably France during the World 

1870, Mr. Parsons went Europe with his family and during the fol- 
lowing four years studied under private tutors, while traveling France, 
Germany, and Italy. entered Columbia College, New York City, 
1878, from which was graduated with the degree Bachelor Science 
1882. then entered Stevens Institute Technology, Hoboken, 
J., from which was graduated 1884 with the degree Mechanical 
Engineer. 1926, Stevens conferred him the Honorary Degree Doctor 
Engineering. 

1885, Mr. Parsons established oftice New York City Con- 
sulting Engineer and maintained there until his death. His field prac- 
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tice was unusually diversified one. recite all the activities his fifty 
years experince Consulting Engineer would make too formidable 
list publish herein, but one who has studied them impressed with their 
number, and with the versatility mind this quiet conscientious man. 
Among the earlier projects with which was connected was the construction 
the Fort Worth and Rio Grande Railway, Texas, including the 
tion bridge over the Brazos River, and, 1889, the completion the 
water supply for Stevens Point, Wis. 1893, was Consulting Engineer 
for the Nicaragua Canal Construction Company and some its related 
organizations. 

From 1892 1907, was Professor Steam Engineering Rensselaer 
Polytechnic Institute, Troy, Y., and from the latter date until his death 
was its Emeritus Professor Practical Engineering. 

1898 was consulted the adequacy thé foundations for the 
Protestant Episcopal Cathedral St. John the Divine New York City. 
later date, designed and installed the heating system for the Cathe- 
dral, and also had with the design some the appurtenant 

the period, 1901 1903, Mr. Parsons designed the Spiers Falls Dam 
and Power House, the Hudson River, Spiers Falls, Y.—1570 
long, with maximum height 154 ft—and, the period, 1921 
the Sherman Island Dam the same river, near Glens Falls, 
for the International Paper Company. also acted Consulting Engineer 
while these projects were being constructed. 

Between 1898 and 1914 was member the New York State Voting 
Machine Commission, and was Chairman the Mayor’s Committee Report 
Street Cleaning and Waste Disposal, New York City, 1906 and 1907. 
From 1908 1914, served member the Metropolitan Sewerage Com- 
mission which prepared monumental report the Storm and Sanitary 
Drainage New York City; and from 1898 the time his death Mr. 
Parsons was Consulting Engineer for the New York Zoological Society. 

His activities included the designing water and steam power plants for 
mills; roof trusses, heating plants, and other features church buildings; 
water supply and sewerage projects for cities; many designs for 
developments, and numerous appraisals industrial projects, water powers, 
and railroads many States. designed foundations and underpinning for 
many structures for construction contractors, connection with the building 
the Rapid Transit Subway New York City; and 1918 and 1919, 
District Appraisal Officer Detroit, Mich., Mr. Parsons represented the 
United States Government the settlement World War contracts con- 
nected with the Air Service and aircraft production. acted Consult- 
ing Engineer for the and Engine Building Company reports 
and appraisals; for the Pressed Steel Car Company; for The Consolidated 
Gas Company New York; numerous paper companies; the Seaboard Air 
Line; the New Hampshire Traction Company. was Consulting Engi- 
neer for the Department Street Cleaning New York City through five 
administrations, during which designed and built two rubbish destructor 
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plants and prepared the design for third for the building which the City 
did not appropriate the necessary funds. For time, 1905-1906, was the 
Consulting Engineer for the Fire Department and for the Department 
Docks and Ferries, New York City, and designed and constructed num- 
ber fire-boats and ferry-boats for these Departments. 

For many years Mr. Parsons was the Consulting Engineer for the Cor- 
poration Trinity Church, the Rhinelander Estates, the Corn Exchange 
Bank, the Mechanics and Metals Bank, and the Bush Terminal, all New 
York City. The Delaware and Hudson Company retained him report 
and appraise some its electric railway properties, the construction cost 
which amounted more than $14 000 000. The City New York employed 
him appraise the damages the Ulster and Delaware Railroad the 
flooding the Ashokan Reservoir, for the properties taken for the large 
Chelsea Dock improvement, the Hudson River front, and for the new 
County Court House—the condemnation for all which amounted many 
millions dollars. 

regarded his most important accomplishments the Spiers Falls and 
the Sherman Island Dams, the study tidal flows the Harbor New 
York for the Metropolitan Sewerage Commission, and the appraisals the 
end the World War for the Army Air Service plants, Detroit. 

Mr. Parsons was liberal contributor the publications the Society, 
well those other engineering and scientific bodies, both original 
papers and discussions those other authors. was awarded the 
Thomas Fitch Rowland Prize the Society 1925 for his paper 
“Sherman Island Dam and and, 1930, was given the 
James Croes Medal for his paper “Hydrostatic Uplift Pervious 
Mr. Parsons was also the author “Disposal Municipal Refuse 
and Rubbish “Tidal Phenomena the Harbor New 
“Some Soil Pressure and many other papers, including 
original research the “Displacement Curves Fish”. His book entitled 
“Steam Boilers, Their Theory and Design” went through five editions (first 
edition, 1903; fifth edition, 1917). 

was member the Delta Psi Fraternity, the American Society 
Mechanical Engineers, the Society Naval Architects and Marine Engi- 
neers, and the American Institute Consulting Engineers, which was 
the President 1926. served President the Alumni Association 
Stevens Institute and 1896, and Alumnus Trustee from 1896 
1899. was Chairman the Professional Engineers Committee 
Unemployment, which represented the four Founder Societies, 1931 and 
1932, and was its Advisory Board 1932 and 1933. addition, Mr. 
Parsons was active civic affairs, and was member the New York 


Transactions, Am. Soc. E.. Vol. (1925), 1257. 

cit., Vol. (1910), 45. 

cit., Vol. LXXVI (1918), 1979. 

7 Loe. cit., Vol. 100 (1935), p. 1. 
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Zoological Society and its Board Trustees, the Chamber 
the State New York, the Merchants Association New York, the 
Metropolitan Museum Art, New York, and was Trustee the United 
Hospital Portchester, Y., and Chairman its Endowment Fund. 

belonged the Protestant Episcopal Church and was member 
the vestry the Church the Incarnation, New York City, where his 
funeral services were held, and Christ Church, Rye, Y., where 
his beautiful summer home located. belonged the following clubs 
New York City: Union, Engineers, New York Yacht, and the Downtown 
Association, and the American Yacht Club, and the Apawamis Club, 
Rye, 

Mr. Parsons was keen yachtsman and young man gained much 
experience the helms his own boats and his father’s yacht. was 
much interested this clean sport, and for many years subsequent 1895 
served Chairman the Race Committee the American Yacht Club. 
From 1904 1922, was also member the Race Committee the 
New York Yacht Club, being Chairman from 1907 1922. The New York 
Times article published concerning him January 27, 1935, quotes 
this statement his made 1917: 


“Yachting has peculiar charm which difficult describe. fancy 
comes from the feeling freedom and from the intimate companionship 
which pleasant. Men who are fond the sea are usually fearless, 
frank and good sportsmen, qualities which make for staunch friendships and 
the pleasantest associations.” 


One feels how inadequate this recital Mr. Parson’s deeds measure 
what accomplished during his life. When meeting him, one always felt 
that one was with man who, instinct and training, was finished engi- 
neer. Always courteous, his quiet refinement manner, his sincerity pur- 
pose, his modesty, and his grounding the fundamentals his profession 
distinctly impressed one. cultured gentleman possessed broad knowl- 
edge, his life was unusually full and useful. spite his modesty time will 
appraise the real value his contributions his profession and the Society. 
engineer associate—who was close him and his activities for many 
years—writes Mr. Parsons: 


“As knew him came feel that had rendered his best services 
the profession his very many contributions lucid thought the litera- 
ture the Society, and his modest assistance his fellow engineers. These 
services have rarely commanded the- spotlight, yet the aggregate they are 
far more valuable mankind than the occasional spotlight performance 
less modest men.” 


was married December 16, 1890, Frances Thompson Walker, 
New York City, who died 1917. survived son, Livingstou 
Parsons, and daughter, Katherine Parsons, and three grand-children. 

Mr. Parsons was elected Member the American Society Civil 
Engineers February 1897. 
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WILLIAM MERIT PENNIMAN, Am. Soc. E.* 


26, 1934 


William Merit Penniman, the son Merit Farnum and Lavina (Damon) 
Penniman, was born Windsor, Vt., February 19, 1868. His boyhood 
was spent his father’s farm, near the banks the Connecticut River. 

attended the public schools Windsor and Hartland, Vt., and was 
graduated from Kimball Union Academy, Meriden, H., 1888. Mr. 
Penniman entered Dartmouth College, Hanover, H., 1889, and was 
graduated therefrom 1893, with the degree Bachelor Science. col- 
lege, was distinguished for scholastic standing, especially higher 
mathematics. 

During summer vacations, beginning May 1891, Mr. Penniman entered 
the service the United States Government, the United States Engineer 
Department, St. Louis, Mo., District, and was engaged the improvement 
the Mississippi River. Shortly after leaving college 1893, was re-em- 
ployed the St. Louis District, and remained that service various 
grades practically without intermission until his death, his last engagement 
being Senior Engineer. 

From August, 1907, June, 1909, was engaged Principal Assistant 
Engineer the survey the Mississippi River between St. Louis, and Cairo, 
for the Board Examination and Survey the Mississippi River (14-ft 
waterway, Lakes the Gulf). His review methods complete river regula- 
tion bank protection, permeable dikes, and submerged dams, published 
Appendix No. the report that Board,* was comprehensive that 
still used reference. 

later years, formula for the flow water open channels was 
derived Mr. Penniman, but was never published. The formula has been 
widely used monograph form the St. Louis Engineer District and 
other districts, where the ability and work the originator are known. 
Locally, known the “Penniman” formula. 

difficult state wherein Mr. Penniman was greatest value the 
Engineer Department. Because his unusual knowledge and technical skill, 
was employed almost constantly during his later years special investi- 
gations and reports. His services were utilized aid the decisions reached 
Boards Engineers problems beyond the bounds the St. Louis Dis- 
trict. His training younger engineers produce accurate and reliable 
work has proved major value the Engineer Department, since many 
his former assistants now hold responsible positions the St. Louis Dis- 
and other Engineer Districts. 

Mr. Penniman’s entire service was characterized his loyalty the 
Department which served well. His open-mindedness and ability 
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keep informed current developments hydraulic and other engineering 
theories, made him man whose counsel was frequently sought when impor- 
tant decisions were made. Since his death, tribute his high 
standing, the St. Louis District has renamed large steam towboat, Penniman. 

His long experience embraced wide range phases open-river improve- 
ment, including surveys, hydrography, bank protection, contraction works, 
and the design and operation hydraulic dredges, and other floating plant. 
was trained under Captain Currie and the late William Selby Mitchell, 
Am. Soc. E., who were engineers and gentlemen the old school. They 
lived day when Government funds were sparingly granted, and when 
projects were most critically examined for their engineering and economic 
merit. 

Mr. Penniman loved the outdoor life, and during the first ten years his 
service, which was largely spent the field, took keen delight base- 
ball and hunting. manner, was affable, although quiet and reserved, 
and stranger might have even seemed taciturn. his later years, 
weathered several attacks sickness, which however gave premonition 
the malady which brought useful life what seems untimely end. 
About two years prior his death suffered paralytic stroke from which 
partly recovered. August 23, 1934, was fatally stricken and three 
days later passed peacefully away. was buried Bellefontaine Cemetery, 
St. Louis, hillside overlooking the Mississippi River which loved 
well. 

was married August 1901, Idell Lombardi, Galveston, 
Tex. survived his widow, daughter, Catherine Lavina (Mrs. 
Storie), and son, Allen Damon. was member the Masonic Fraternity 
and the Society American Military Engineers. 

Mr. Penniman was elected Member the American Society Civil 
Engineers, May 28, 1923. 


EUGENE EVERETT PETTEE, Am. Soc. E.* 


Diep 17, 1935 


Eugene Everett Pettee, the son Captain Lemuel and Mary (Westall) 
Pettee, was born January 15, 1870, Jefferson, Tex., where his father, 
who had served throughout the Civil War the Regular Army, was stationed 
the time, guard duty against Indians. 

During his boyhood Mr. Pettee lived with his parents many parts the 
United States and his schooling was obtained from the public schools wherever 
happened located. was finally fitted for the Massachusetts Insti- 
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tute Technology the Whitman (Mass.) High School, and entered the 
Institute 1888. For various reasons, was unable complete the course, 
and, 1891, left school enter the Drafting Office the Boston Bridge 
Works, where his unusual ability was recognized and where remained for 
three years. 

1894, accepted position the City Engineer’s Office, Newton, 
Mass., where was employed until, 1896, was called into the office 
one the writers, Worcester, Am. E., assist completing 
the design the train-shed (since removed) the South Station the New 
York, New Haven and Hartford and the Boston and Albany Railroads. 

The association thus begun was continue throughout Mr. Pettee’s life. 
1906, became partner the newly organized firm Worcester 
and Company, and until February, 1934, when suffered paralytic stroke, 
was actively engaged the design and supervision construction many 
bridges, buildings, and other structures, and his frankly honest, yet courte- 
ous and genial bearing, won many enduring friendships with other engineers, 
with architects and contractors, well with many public 
expert witness, was convincing and effective. 

Among the projects with which Mr. Pettee was most closely identified 
were: The elevated structure the Boston Elevated Railway, including the 
Charles River Bridge; three bridges over the Connecticut River, Woods- 
ville, H., Bellows Falls, Vt., and Walpole, H.; the bridge across Port- 
land Harbor, between Portland and South Portland, Me., which gave 
his personal attention, living Portland for two years; and, toward the end 
his life, the bridge now (1935) under construction over the Saugus River 
between Revere and Lynn, Mass. For some years was engaged examin- 
ing all the bridges over which the lines the Boston and Northern and Old 
Colony Street Railways had tracks. 

Among his other gifts Mr. Pettee had strong artistic sense, rare among 
engineers, and found his greatest satisfaction producing, with the help 
architects, structures having real architectural merit. Numerous small 
bridges and over-passes bear witness his success this endeavor. was 
expert photographer and delighted thus catching and preserving beauti- 
ful natural scenery. 

was member the Boston Society Civil Engineers, the Appa- 
lachian Mountain Club, the Boston City Club, the New-Church Club, and the 
Wellesley Country Club. 

Descended from two grandfathers who were New-Church (Swedenborgian) 
ministers, Mr. Pettee was naturally faithful member that church, 
which was prominent layman, and held number important official 
positions. 

1909, was married Margaret Edith Babcock, who survives him. 
also survived one brother, Charles Pettee, Hartford, 
and three nephews and three nieces. 

Mr. Pettee was elected Associate Member the American Society 
Civil Engineers September 1902, and Member March 1909. 
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AUGUSTUS LYON PHILLIPS, Am. Soc. 


Diep January 31, 1935 


Augustus Lyon Phillips was born Manchester, England, October 
1860, the son George Ricketts Phillips and Elizabeth Catherine (Robinson) 
Phillips. was educated the Edinburgh Academy, Edinburgh, Scotland, 
and studied Civil Engineering Owens College, Victoria University, Man- 
chester, England, for two years, 

1879-80, was articled Farrington, Borough Engineer, 
Colwyn Bay, North Wales, and was engaged surveying, the design and 
construction streets, water-works, sewerage systems, etc. 1881, Mr. 
Phillips was articled Waring, Chief Engineer, West Lancashire Rail- 
way, England, Junior Engineer location and construction, design 
coffer-dams, 1882, was Contractor’s Engineer, the replace- 
ment two-track, with five-track, plate-girder bridge (under traffic), over 
the intersection three streets, Stockport, England, for the Midland 
Railway Company, and the widening part the main line (two addi- 
tional tracks), the London and North Western Railway; also designed 
the falsework carry traffic during the reconstruction bridge over the 
Mersey River. 

From 1883 June, 1884, was Assistant Engineer for the British 
Government railroad Jamaica, for which had charge the con- 
struction 25-mile section, with miles rough mountain country, two 
short tunnels, long retaining walls, river diversions, concrete bridges, 
ete. These bridges were among the earliest constructed concrete. 

From June, 1884, March, 1885, Mr. Phillips was Assistant Samuel 
McElroy, Consulting Engineer, New York City, and was engaged office 
and field work the farms the Insane Asylum for Brooklyn, 

For nine months 1885, was engaged designing and drafting 
heating and ventilating layouts, for the Creque Manufacturing Company, 
New York City. From January, 1886, June, 1887, Mr. Phillips was 
Assistant Engineer (under the Chief Engineer), for the Leroy and Caney 
Valley Air Line Railroad, prospecting, surveys, location, and construction; 
also designed the Howe truss bridges and timber trestles (one more than 
500 long and high). His work for the Leroy and Caney Valley Air 
Line Railroad was field work through Kansas and Indian Territory what 
became later part the Missouri Pacific System. Some his experiences 
Eastern tenderfoot, but lately out Europe, West which still 
retained great deal the frontier aspect, were very amusing; 
his carefully taking along revolver and then, after observing some the 
local talent pick out the six spots from six spades about sec, deciding 
that would safer unarmed and promptly giving away his revolver. Then 
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there was the local rodman who would cheerfully ford all rivers less than 
couple feet depth, but when they came the Arkansas, which that 
ford that season was about ft, was panic-stricken, had always 
heard that ever got any water his back, would take cold and die 
(Mr. Phillips said his neck bore out his strict faith this theory), they 
could only get him across standing the cook wagon. course, there 
was the matter building lots; promoters were laying out fictitious towns 
far ahead the rail-head what they hoped would the line, and every- 
body was speculating lots, Mr. Phillips included. Anybody could always 
sell him lot, and invariably made the down payment, and then found that 
the lot was worthless; one time another, must have made down pay- 
ments most the New Jersey coast between Sandy Hook and Cape May 
(and between the extreme low-water mark and the coast Spain). So, 
course, bought block lots one these paper towns, made his down 
payment and according rule never did anything more about them. Years 
later, discovered the lots were what later became the business center 
Wichita, Kans. One morning Indian Territory they sighted the last 
remnant—about thirty head—of the Southern Herd buffalo, which only 
few years before had numbered millions. 

From June, 1887, September, 1888, served Draftsman, for the 
Union Elevated Railroad Company, Brooklyn, Y., designing and 
detailing under the Chief Engineer, the late Othniel Foster Nichols, Am. 
Soc. 

From October, 1888, March, 1902, Mr. Phillips was with the Bridge 
and Construction Department, the Pencoyd Iron Works (later, the Ameri- 
Bridge Company), Pencoyd, Pa., having been given the position 
the Chief Engineer, the late Charles Conrad Schneider, Past-President, Am. 
E., who was familiar with his work Brooklyn. Mr. Schneider 
always had the highest opinion Mr. Phillips. this work Mr. Phillips 
was Checker and Squad Boss, buildings and bridges all kinds and sizes, 
subway and elevated work, etc. has been well said that was excep- 
tional Checker, inasmuch was extremely accurate and thorough, and, 
the same time (and this very unusual) able point out the errors 
and have them corrected, without giving offense the Draftsmen, many 
whom still have the highest admiration and affection for his memory. 

From April, March, 1908, was Assistant Engineer, with the 
Philadelphia Rapid Transit Company, under William Twining, Am. 
E., Chief Engineer. Mr. Twining had the highest opinion Mr. 
Phillips, who, states, was small factor the design that work. 
Mr. Phillips spent the preliminary investigations and the design 
the subways and elevated structures; charge the Engineering 
Office, designing and detailing for miies subway; four-track bridge 
over the Schuylkill River; miles two-track elevated, the approximate 
cost being $20 000 000. 

From April, 1908, March, 1909, was Supervising Engineer for the 
Interstate Engineering and Supply Company Philadelphia, Pa., building 
large power plant for the Metropolitan Electric Company Reading, Pa., 
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changing and rebuilding the old power plant (under operation) into sub- 
station, etc. (cost, 000 000). 

From April, 1909, 1923, Mr. Phillips was Con- 
sulting Engineer, Philadelphia. such made investigations, surveys, 
estimates, layout, and plans for the Philadelphia and Suburban Railroad 
Company, for miles two-track subway, and miles two-track elevated 
railroad (estimated cost, $43 000 000; not built); also made the preliminary 
surveys and layout for system docks the Delaware River, below Phila- 
delphia, for the Hughes Terminal Company (estimated cost, with miles 
connecting railroad, made surveys, and located and con- 
structed miles single-track railroad across the salt meadows for the 
Wildwood and Delaware Bay Short Line Railroad Company, including three 
trestle bridges (1200 ft) and single-track, single-leaf Scherzer rolling lift 
bridge over the inland waterway, with concrete piers water low 
tide (cost, made surveys and plans for high-grade land develop- 
ment suburb (100 acres) Philadelphia, with central heating and domestic 
service plant, all pipes, wires, etc., sidewalk conduits, and roads park 
effect (estimated cost, $400000); well investigations and reports 
several proposed interurban trolley lines and miscellaneous minor 

Mr. Phillips was one those forward-looking engineers who are years 
ahead their time. advocated the abandonment surface trolleys and 
their replacement double-deck busses, time when the present system 
bus transportation was practically unknown the United States. 

was the originator the project, and one the incorporators 
transportation company formed for the purpose operating arterial north 
and south subway and elevated lines Philadelphia, with lateral bus-line 
feeders, and connecting elevated lines the principal suburbs. completed 
all the preliminary engineering this comprehensive system. Finan- 
cial backing for the project was arranged for, and charter was obtained 
from the State Pennsylvania, but the opposing influences the City 
Council proved too powerful enable the Company secure the necessary 
franchise. 

However, the wide publicity given these projects, and the consequent 
strong public demand, practically forced the City Council into the building 
and the operation the present city-owned Subway and Elevated Railway 
System. Mr. Phillips was also early advocate two-level streets the 
center the city whereby the vehicular traffic would carried the street 
level and the pedestrian traffic sub-surface concourses with shop entrances 
and display windows both levels for the accommodation both classes 
patrons. This has only been done limited extent yet, but may 
realized the near future. 

Among his non-engineering activities was his life-long devotion vocal 
music. was almost constantly engaged choir master tenor soloist 
some church, the most famous which was “Old St. Peter’s” Philadelphia. 

always took great interest athletics, having been captain the 
football team his college, and active member the cricket team, 
which his brother was captain. was one the organizers and charter 
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members the Wissahickon Cricket Club Philadelphia. was also very 
expert with boxing gloves, which frequently enjoyed using—during lunch 
hour—in the Drafting Room, Pencoyd. maintained keen interest 
doing carpenter work and gardening about the house, and was avid 
stamp collector. 

Besides his connection with the Society (of which was very proud), 
Mr. Phillips was member the Engineers’ Club Philadelphia, Rox- 
borough Lodge No. 135 M., The Society the Sons St. George, 
and the Veteran Athletes’ Association 

Mr. Phillips was much liked all—even the draftsmen whose numerous 
mistakes had correct. One them writes, after years, what 
fatherly care Mr. Phillips took him, young chap just out from Scotland, 
and how Mr. Phillips had visited him the Philadelphia Hospital every 
Sunday for weeks, while had typhoid fever. Several others wrote that 
was the best friend they ever had. Mr. Twining wrote affectionately 
his high character, and sound engineering judgment. 

short, Augustus Lyon Phillips was man whose absolute integrity, 
great ability Engineering, and kind-heartedness, won for him the undying 
love and admiration all who knew him. died arterio-sclerosis after 
years suffering, the beautiful Lincolndale (Westchester), home his 
sister, Miss Annette Phillips, where had received the best care and 
loving attention. 

was married Janet Macpherson Fulton, Brooklyn, Y., 
June 23, 1887, who survives him. also survived two sons, George 
William Macpherson Phillips, and Charles Stuart Phillips, one daughter, 
Jean Bannerman Phillips, one grandson, Alfred Gordon Phillips, one grarid- 
daughter, Janet Fulton Phillips, two brothers, Henry Phillips, and 
John Phillips, and three sisters, Annette Phillips, Margaret Phillips, 
and Ellen Phillips. 

Mr. Phillips was elected Member the American Society Civil 
Engineers June 23, 1916. 


LOUIS HENRY PRELL, Am. E.* 


Diep 18, 1936 


Louis Henry Prell was born Cincinnati, Ohio, March 28, 1874, the 
son Ludwig Prell and Maria (Goetze) Prell. received his prepara- 
tory education the schools Cincinnati, and Mt. Healthy, Ohio. 

Mr. Prell began his career engineering with Frank Betts, Civil 
Engineer, 1893. During the period, 1893 1898, continued the 
service Mr. Betts, and was engaged land surveying, sub-division work, 
and railroad layouts. During this period was employed various capaci- 
ties Rodman, Chainman, Transitman, and Draftsman. Following his 
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engagement with Mr. Betts, entered the Ohio Normal University, Ada, 
Ohio, 1899, from which received the degree Civil Engineer 1909, 

1901, Mr. Prell was employed Rudman the United States Engi- 
neer Department, Cincinnati, Ohio, during his school vacation. com- 
pleting his University studies, re-entered the service this Department 
July, 1902, and from that date until his death, was continuously 
employed the Department, except for short intervals 1904 and 1905. 
During this time, his work and accomplishments pertained principally the 
canalization the Ohio River the construction series locks and 
dams extending from Pittsburgh, Pa., Cairo, this work, had 
conspicuous part, and rendered capable and valuable service. the period 
from July, 1902, June, 1905, was engaged the field, drafting, and 
computations the original Ohio River survey which established basis 
for the present system locks and dams the Ohio River. 

From July, 1905, June, 1910, Mr. Prell was Assistant the Engineer 
charge the design and construction Lock and Dam No. 37, Ohio 
River, Fernbank, Ohio, and from July, 1910, June, 1913, was Assistant 
Engineer field charge the completion that lock and dam, power-house, 
dwellings, and other features the reservation. Upon completion the 
work Lock and Dam No. 87, Ohio River, was assigned Assistant 
Engineer field charge the construction Lock and Dam No. 35, Ohio 
River, which was built under contract. was engaged that work during 
the period from July, June, 1916. 

July, 1916, was transferred Lock and Dam No. 39, Ohio River, 
which was under construction hired labor. was placed field charge, 
and the work was completed under his supervision December, 1922. 
addition his assignment Lock and Dam No. 39, Mr. Prell was also 
the Assistant Engineer field charge the construction Lock and 
Dam No. 38, Ohio River, during 1921 and 1922. 

February, 1923, was appointed the position Assistant Engi- 
neer charge the United States Engineer Depot and Repair Yards the 
Cincinnati Engineer District, Fernbank, Ohio. connection with this 
project, completed the construction work Lock and Dam No. 36, Ohio 
River, during 1924 and 1925. was promoted the position Senior 
Engineer April 1930. The activities the Engineer Depot and 
Repair Yards included the maintenance and repair work completed Ohio 
River Locks and Dams Nos. 39; Kentucky River Locks and Dams Nos. 
14; and the upkeep steamboats, dredges, and other floating plant the 
District. was engaged this work the time his death. 

Through his long and varied experiences Ohio River lock and dam 
construction, Mr. Prell acquired special and valuable knowledge under- 
water work. was useful and respected citizen, capable engineer, and 
his passing will keenly felt friends and those who sought his counsel. 

Mr. Prell survived his widow, Elizabeth Seiter Voris Prell, whom 
was married Lawrenceburg, Ind., January 17, 1917, and his step-son, 
William Voris. also survived sister, Mrs. Emma (Prell) 
Schroth, and brother, Frederick Prell. 
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was member the Masonic Order, McMakin Lodge No. 120, and 
and Kilwinning Chapter No. 97, M., Mt. Healthy, Ohio. 

Mr. Prell was elected Member the American Society Civil Engineers 
August 31, 1915. 


1934 


Louis Ritter was born March 14, 1864, Cleveland, Ohio. After 
his preparatory schooling entered the Case School Applied Science, 
Cleveland, from which was graduated 1886. 

His early experience engineering was obtained miscellaneous rail- 
road surveys and construction. This was followed hydrographic work with 
the United States Corps Engineers and the Mississippi River Commis- 
sion, the rigid training school for many engineers who later rose 
prominence the profession. 

1892, Mr. Ritter became associated with the firm Jennie and Mundie, 
Architects, Chicago, Structural Engineer. From that time until 
his death July 1934, devoted himself the problems building 
design and construction. The development the modern skyscraper was 
taking place during all this period and Louis Ritter, pioneer, must 
given credit for such development, probably great extent 
any engineer the United States. 

1897, entered private practice Consulting Civil Engineer, and, 
1899, became associated with Mr. Mott under the firm name 
Ritter and Mott. Mr. Mott retired 1917, which time Mr. Ritter resumed 
practice under his own name. the thirty-eight years his pri- 
vate practice, many the most important buildings the United States 
were designed and constructed under his direction, Consulting Engineer 
for practically every prominent architect the country. 

Mr. Ritter possessed deeply philosophical and analytical mind and was 
regarded, for many years, the Dean the Engineering Profession the 
Middle West. was the unofficial mentor and adviser the younger men 
the profession, who came him for advice and help personal well 
professional matters. 

was great believer the necessity proper organization among 
engineers combine for the common good, and was member practically 
all the major professional societies, with which did yeoman work. The 
social side the engineer also received Mr. Ritter’s very active encourage- 
ment and support. prominent member the Chicago Engineers’ Club, 
his efforts this direction are lovingly remembered his many associates. 
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was married 1899, and survived his widow, Mrs. Mary (Stair) 
Ritter, and two children, Louis Stair Ritter, and Frances Hamilton Ritter, 

Mr. Ritter was elected Member the American Society 
Engineers October 1905. 


STEPHEN ALLEN ROAKE, Am. Soc. E.* 


Diep 1935 


Stephen Allen Roake was born Peekskill, Y., August 10, 1874, 
and received his formal education there. was graduated from the Peeks- 
kill High School June, 1891. 

Mr. Roake entered the Engineering Profession 1892 way job 
Rodman for the City and County New York, continuing that work 
until 1895. that time, October, 1895, was employed Draftsman 
the Elmira (N. Y.) Bridge Company, the Southport Works. This plant 
later known the Elmira Plant the American Bridge Company 
and was commonly referred the “Old South Works” after the 
tion the new plant Elmira Heights. Between 1895 and 1900 was 
engaged various assignments Structural Draftsman, and out 
the Elmira Bridge Company, working for longer shorter periods with the 
Union Bridge Company, Athens, Pa., with Levering and Garrigues, 
New York, Y., the Pittsburgh Bridge Company, Pittsburgh, Pa., and 
the Lehigh Valley Railroad Company. 

April 18, 1901, Mr. Roake was transferred the Athens, 
Plant the American Bridge Company, and, June the same year, 
was sent the Company’s Pencoyd (Pa.) Plant. January 1904, 
was again transferred the Ambridge (Pa.) Drawing Room the Company, 
and June 1906, was sent its Trenton (N. J.) Drawing Room, where 
became Squad Boss charge all movable bridges assigned that office. 

From this last date (June 1906) May 15, 1915, although was 
normally assigned the Trenton Plant, Mr. Roake spent several short periods 
the New York Designing Office, the Company. also received leave 
absence for short period special work for Boller, Hodge, and Baird, 
Consulting Engineers, New York City. May 15, 1915, left the 
American Bridge Company, severing connection fifteen years’ standing. 
had acquired thorough knowledge steel construction, specialized 
knowledge movable bridges, and wide circle friends the steel 
business. 

From 1915 1917 Mr. Roake worked for the Celluloid Company, 
Newark, J., Concrete Designer. For short period 1917 was 
Chief Draftsman the Bergen Point Iron Works, Bayonne, 
1917 entered the employ the Southern Company the office 
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the late John Dove Isaacs, Am. E., then Consulting Engineer 
for that Company, New York City. first Designer, then Chief Drafts- 
man, later became Assistant Consulting Engineer, continuing that 
capacity until 1925. From 1925 1928 Mr. Roake was Office Engineer 
the General Office New York City. After 1928, changes the organiza- 
tion the Company resulted his transfer San Francisco, Calif., where 
acted Chief Designing Engineer for the Suisun Bay Bridge, built 
the Southern Pacific Company replace car ferries which had long been 
between San Francisco and the north. Upon the completion 
the Suisun Bay Bridge December, 1931, entered the office the 
San Francisco-Oakland Bay Bridge Supervising Design Engineer, 
which position remained until ill health caused him take leave 
absence August, 1934. 

“Steve” Roake was christened Stephen Allen Roake, but his friends 
neither used the long form his first name, nor realized that had 
second. His structural experience was invaluable the organization 
which became part. was largely through his efforts that the many 
varied and unprecedented problems which arose connection with the 
1400-ft cantilever structure (one the largest such structures 
the world), between Yerba Buena Island and Oakland, Calif., were solved. 
Many the larger joints this structure are his designs. the face 
increasing physical disability prosecuted this work until was able 
that the essentials were behind him. During this time worked with 
the knowledge, imparted previous illness, that overstrain was dangerous 
his health. Throughout his life had been handicapped 
extremely poor eyesight which rigidly limited his pleasures and which made 
his measure success the more remarkable. Those who worked with him 
marveled the energy with which overcame his inability see properly. 

survived his widow, Mrs. Katharine Griffes Roake, and two sons 
and two daughters. 

Mr. Roake was elected Associate Member the American Society 
Civil Engineers June 1911, and Member March 13, 1917. was 
also the American Railway Engineering Association. 


JAMES WINGATE ROLLINS, Jr., Am. Soe. 


19, 1935 


James Wingate Rollins, Jr., was born West Roxbury, Mass., October 
17, 1858, the son James Wingate and Sophia Webb (Hutchings) Rollins. 
Although born Massachusetts, Mr. Rollins belonged the well known 
New Hampshire family that name, which traces its lineage the earliest 
settlers. James Rawlins. the founder the family immigrated 
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this country from England 1632 and first settled Ipswich, Mass., but 
moved shortly afterward Dover, 

Mr. Rollins was direct descent from the Hon. Ichabod Rollins who held 
various public offices Revolutionary days and was member the Con- 
vention when, January, 1776, resolved itself into independent State 
Government. was the first Judge Probate under the new Government 
and held the position until 1784. was his generation that the spelling 
the name was changed from Rawlins Rollins. Mr. Rollins’ father was 
graduated from Dartmouth College, Hanover, H., and practiced 
Boston, Mass., for many years. His own education was obtained the 
public schools, and upon graduation from the High School West Roxbury, 
entered the Massachusetts Institute Technology, taking the Civil Engi- 
neering Course, and was graduated the Class 1878. During his school 
and college years, was enthusiastic baseball and football player. 

Following his graduation from college was employed the Massa- 
chusetts Central Railroad Company survey and construction work. 
1882, went Virginia Chief Engineer for the Atlantic and Danville 
Railroad Company, which position held until 1886. After leaving the 
service this Company (later part the Southern Railway System 
Virginia), Mr. Rollins entered that the Union Pacific Railway Company 
through his acquaintance with the late Charles Francis Adams, then Presi- 
dent the Company, and was charge important construction Kansas. 
then was transferred the Union Pacific Railway the Northwest, 
where was engaged very difficult location the Bitter Root Mountains. 

Mr. Rollins was next sent Wyoming, and started construction 
branch line the Union Pacific from Fort Steele the North Platte River 
toward the North Park Colorado. When this work was suspended, Mr. 
Rollins was called into Omaha, Nebr., settle with the contractors. This 
being accomplished, after few weeks organized locating party and was 
sent Wyoming continue the location the line the North Platte 
River the North Park Colorado—a most difficult piece engineering. 

After the completion this work, was sent with his party engi- 
neers the top the Continental Divide re-locate the Denver, South Park, 
and Pacific Railway, narrow-gauge branch the Union Pacific. This work 
started near Leadville, Colo., and continued down Ten-Mile Creek nearly 
Breckenridge, Colo. The party was then taken Omaha and disbanded. 

Shortly afterward, Mr. Rollins spent some time making surveys for 
projected railroad the Adirondack Mountains, and then returned Boston 
and entered the service the Old Colony Railroad Company (later part 
the New York, New Haven and Hartford System). During his employ- 
ment with the Old Colony Railroad Company prepared plans for the four- 
track work from the Back Bay Station, Boston, out through Forest Hills, 
and, later, was Resident Engineer this work when was started. 
remained there until was transferred take charge grade-crossing 
elimination work Brockton, Mass. 

1897, Mr. Rollins left the Old Colony Railroad Company join the 
organization Holbrook, Cabot, and Daly; 1900, became partner 
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and the firm name was changed Holbrook, Cabot, and Rollins. was 
President this Corporation from 1900 until its dissolution 1928. 

the early days his contracting career developed and patented 
several unique and highly successful pieces construction equipment, notable 
among which was submarine pile-cutting device for pile foundations, which 
operated depths great ft, and also buckets for use placing 
under water. had the ability and foresight surmount the most 
unusual construction difficulties. liked attempt the most perplexing 
operations and numerous occasions would the only bidder difficult 
foundations. 

From 1900, the firm Holbrook, Cabot, and Rollins, under Mr. Rollins 
President, successfully constructed many large structures New England 
and New York State, among the most important being the West Boston 
Bridge, over the Charles River; the Charles River Dam and Locks the lower 
end the Charles River; the four-track drawbridge Fort Point Channel, 
for the New York, New Haven and Hartford Railroad Company; the Nepon- 
set Railroad Bridge; the Lechmere Viaduct; the Boston Fish Pier; the Larz 
Anderson Bridge, near the Harvard Stadium; the Thames River Railroad 
Bridge, New London, Conn.; the Portland-South Portland Bridge, 
Portland, Me.; and the Boston Dry Dock, the largest dock its kind the 
Atlantic Coast. 

quote from article his career that appeared 1917: 


Mr. Rollins has the surmounting difficulties the 
use resourceful expedients. uses keen judgment and has inaugurated 
many improvements the work under his supervision. 

“J. Rollins has slogan: ‘Best plant, best work, best 
important factor the success Mr. Rollins his principle profiting 
failures disappointments they occur, and this fact should 
inspiring example other contractors, especially the young ones. 

“The surest road success the best piece work possible and 
then welcome suggestions for possible improvement. This was characteristi- 
cally demonstrated recent construction where was necessary re-design 
and rebuild: Mr. Rollins cheerfully explained the original mistakes and their 
corrections, satisfied having done well possible the beginning, yet 
ready share with others the knowledge acquired experience. Among 
his recent improvements one that will standard future construction, 
detachable concrete bottom for floating caissons, materially improving the 
footings many submerged bridge piers.” 


From 1912 until the World War years, many important projects were 
completed the firm New York, Y., among them Dry Dock No. 
the Brooklyn Navy Yard and important section the New York Subway 
System, Times Square. 

Mr. Rollins’ activities during the war years included the construction 
the wharf areas the Boston Army Base and the New Orleans (La.), Army 
Base; and the Squantum Destroyer Plant, Quincy, Mass. His firm was also 
one the many contracting firms engaged the famous Hog Island Ship- 
yard, near Philadelphia, Pa. 

Following the World War came the foundations for the Memorial Bridge 
across the Piscataqua River, Portsmouth, H., most difficult under- 
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taking sinking two pneumatic caissons water, with 
per tidal current running alternate Other work followed, 
including the outfall end the Passaic Valley Sewer Tunnel, Bayonne, 
J., which was the last large contract accepted the Holbrook, Cabot, and 
Rollins Corporation before its dissolution. 

1924, Mr. Rollins became associated with Blakeslee end Sons, 
New Haven, Conn., and the Blakeslee Rollins Corporation was founded. 
served Vice-President and Treasurer this firm until his death. This 
Corporation did considerable work under his direction, including the 
tion water-front properties for the Bethlehem Shipbuilding Corporation; 
piers for the Mid-Hudson Bridge, Poughkeepsie, Y.; underpinning 
the Boston Public Library; and the construction piers for the highway 
and railroad bridges over the Cape Cod Canal. 

During the construction the Mid-Hudson Bridge, one the cassions 
weighing about 20000 tons listed angle 45° and was almost wholly 
submerged the waters the Hudson River. The successful righting 
this caisson, conducted under Mr. Rollins’ direction, epic construction 
history. Many engineers said that could not done and urged that the 
caisson destroyed, but after year’s work and tremendous expense, Mr. 
Rollins proved his contention, and the bridge now stands this pier which 
was urged abandon. 

tried work quickly and well, and assure his client, whether 
was public private work, what termed “good job.” did this 
the end, even though great personal loss himself. earned that confi- 
dence which few contractors ever gain, that never failed complete 
project, nor give the owner the best possible job. 

Mr. Rollins was the author several papers his construction 
activities, one which, describing construction the Mid-Hudson Bridge 
piers, was awarded the Desmond FitzGerald Medal the Boston Society 
Civil Engineers being the best the year. His articles the “Relation- 
ship Between Engineers and Contractors” were widely read and contained 
much homely philosophy this subject. 

Mr. Rollins was member the Boston Society Engineers, 
which organization was elected 1895. was one time President 
the University Club Boston; Vice-President the Boston City Club; and 
President the Boston Society Engineers, Technology Alumni Asso- 
ciation, and Technology Clubs, Associated. had twice served term 
member the Corporation the Massachusetts Institute Technology. 
the time his death was also member the Engineers Club 
Boston, the Milton Club, and the Whisick Club. For many years 
previously had the Brookline Country Club, the Cohasset Golf 
Club, the Algonquin Club, and the Automobile Club, and had been President 
the Crow Point Golf Club. Hingham, Mass., where had summer home, 
for twenty-seven years. was member the Board Managers the 
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Boston Boys Club, and was also much interested the civic welfare his 
home town, Milton, Mass., where had served for great many years 
Chairman the Sewer Commission, and also the Milton Committee 
Employment. 

1892, Mr. Rollins was married Clara Boyden Clark, the daughter 
the Rev. Nathaniel and Elizabeth Sargent Worcester Clark. Mrs. Rollins, 
their daughter, Elizabeth Sargent Rollins (Mrs. Saunders), and their 
son, Wingate Rollins, survive him. 

Among Mr. Rollins’ outstanding characteristics were his never-failing 
loyalty, his sense fair play, his sincerity, and his charity judgment. 
had inherent belief the honesty his fellow men, and was reluctant 
believe evil any one. His devotion his highest ideals, both his pro- 
fession and his daily living, was unfaltering. His courage was great, and 
would fight the end for cause believed just. Yet when disap- 
pointments came, always met them bravely, with gallant spirit that 
harbored bitterness. Added these qualities were his modesty, his natural 
optimism, his sense humor, and his sympathetic, genial ways. was 
indeed, one his friends has said, “not only builder works, but 
builder friends”, and the same friend also added that, 


“Out this life active adventure and strenuous work character had 
developed seemingly strangely variance with the rigorous circumstances 
his exacting responsibilities. His innate nature was both delicate and 
sensitive. His heart responded instinctively the emotions pity and sym- 
pathy for the distressed and the unfortunate, and gave fully his 
resources the relief those need. loved the beautiful and admired 
the finer qualities others. His spirit remained youthful the end, and 
attracted him host friends from every walk life. most signifi- 
cant that those who knew him best loved him most. His passing leaves 
aching void many hearts that will never completely healed.” 


Mr. Rollins was elected Member the American Society Civil 
Engineers November 1900. 


HENRY BEDINGER RUST, Am. Soe. E.* 


January 17, 1936 


Henry Bedinger Rust was born December 1872, “Rockland”, near 
Leesburg, Va., the family home built his grandfather, General George Rust, 
about 1820. was son the late Colonel Armistead Rust and his 
Lee, and descendant two the pioneer families Virginia, 
both which had taken active part public life. 

His grandfather, General Rust, served member the Virginia 


from 1819 1824, and Superintendent the United States 
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Arsenal Harpers Ferry from 1829 1837. His father was graduated from 
the United States Military Academy West Point, Y., 1842, and served 
Fort Gibson, Indian Territory, Lieutenant the First Dragoons, 
resigned from the Army about three years later and engaged farming near 
Leesburg, but, 1861, was commissioned Colonel the Confederate Army 
and served throughout the Civil War. Mr. Rust’s mother was member 
the Lee family Virginia, and cousin General Robert Lee. Two 
members this family, Richard Henry Lee and Francis Lightfoot Lee, 
were signers the Declaration Independence. 

Mr. Rust was one large family which, like most Virginia families, 
had suffered serious reverses during the long struggle between the North and 
the South. With money scarce and educational facilities very limited, 
was able obtain but meager education the local country schools, 
although his private study continued throughout his lifetime. 

the employ the City Pittsburgh, Pa., which was the start his long 
and successful engineering While this work his spare time was 
devoted the study engineering subjects, and used every opportunity 
become familiar with the transit and the level. private study and close 
application work became, successively, Chainman, Rodman, and Transit- 
man, and, the age 21, Assistant City Engineer. 

this time the City Pittsburgh was starting the development 
Schenley Park, rugged, hilly tract about 600 acres located the eastern 
section the city. Mr. Rust was charge this work, which included 
the location, grading, and paving roadways, the erection steel arch 
bridges with heavy masonry approaches, and the construction park build- 
ings and sewers. The design and construction ornamental masonry 
bridge with single arch 150-ft span, carrying 80-ft roadway, was 
perhaps the outstanding feature this work. 

completion the work Schenley Park, Mr. Rust was transferred 
the Bureau Construction, which had charge designing and building 
pavements, sewers, and bridges for the City. One his duties required 
careful study materials and methods with view improving the quality 
asphalt streets. Following this, revised the contract forms and 
pared complete specifications and standard designs for sewers, pavements, 
and other requirements the City. various times was charge 
different sections the city work, such the construction sewers, field 
work connection with new bridges, paving streets, and the completion 
Bigelow Boulevard. For time had charge the inspection materials 
and workmanship all construction projects. 

1901, the Colorado Fuel and Iron Company initiated program for 
greatly expanding its works Pueblo, and Mr. Rust was employed Super- 
intendent Construction. The existing plant included three blast 
furnaces and auxiliary equipment. The new Superintendent 
tion was charged with the responsibility removing the old blast furnaces, 
boiler houses, etc., and building three new blast furnaces, with the 
sary boiler and engine houses; also new rail and Bessemer mills. Many 
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the new buildings replaced existing structures, and the work presented many 
Mr. Rust organized and co-ordinated construction 
activities that the improvements were carried out without delay regular 
operations. 

returned Pittsburgh early the summer 1903 and succeeded 
his brother, Edwin Rust, Vice-President and General Manager the 
Rust Boiler Company, which the latter had organized early that year with 
the support Messrs. and Fownes, for the manufacture and sale 
the Rust Water Tube Boiler, designed and patented him. Mr. Rust 
shared the office the Messrs. Fownes and began his task promoting the 
Rust boiler. first arranged with the Riter-Conley Manufacturing Com- 
pany manufacture this boiler, its Leetsdale Plant, and then built 
engineering, erection, and sales organization. did most the selling 
himself and the Rust boiler was especially adapted utilize blast-furnace 
gas fuel, many steel plants purchased large installations. 

The Rust boiler was just becoming established the trade when com- 
petitor instituted suit for infringement patents. This suit lasted about 
two years, but, finally, Mr. Rust won the decision. this time the business 
had grown sufficiently volume require plant its own, and, 1906, 
the Company purchased site Midland, Pa., and built large modern 
boiler shop. The organization and volume business continued grow and 
1908 was quite factor the boiler industry, much that its principal 
competitor started negotiations for the purchase the Company. The busi- 
ness was sold late that year the Babcock and Wilcox Company, with which 
Mr. Rust became associated Special Representative, with head- 
quarters Pittsburgh. 

1914, with Messrs. Croft and Hamilton Stewart, developed 
plan acquire the Koppers Company, engineering and contracting 
company, with headquarters Chicago, This Company was engaged 
designing and building by-product coke, benzol, and tar-distilling plants 
under patents Koppers, Essen, Germany. Mr. Rust saw very clearly 
the great possibilities for the development this business, and with the 
co-operation and backing Messrs. and Mellon, was taken 
over the latter part 1914. Mr. Rust was made President and few months 
later the offices were moved Pittsburgh, bringing total men from 
Chicago. developed rapidly into the outstanding organization its 
particular field, which includes designing and building by-product coke, 
gas, tar, and other industrial plants, mining and production bituminous 
coal, and the manufacturing and merchandising coke, tar, gas, and 
other coal by-products. the corporate name was changed The 
Koppers Company and, the end 1935, employees the Company and 
its subsidiary and affiliated interests numbered more than 000. 

The business grew one the most successful Pitts- 
burgh and one the great engineering and manufacturing organizations 
the United States. The interests Messrs. Croft and Stewart were acquired 
Messrs. Marshall and McClintic 1919. Early 1929, the 
Company moved into its new 32-story office building. Mr. Rust continued 
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President The Koppers Company until the latter part 1933, when 
was made Chairman the Board, which position held the time 
his death. 

The by-product coke oven has now practically replaced the old-fashioned 
bee-hive coke oven, thereby effecting great savings through by-products, such 
tar, motor fuel, creosote, benzol, toluol, which were formerly 
wasted. many these products entered directly into the manufacture 
explosives and other war materials, the development this industry under 
the direction Mr. Rust and his associates this particular time was 
material help the United States and the Allies the World War. 

Mr. Rust was man vision and great constructive ability. 
that industry could succeed except through leadership its own field, and 
leadership meant not the development large organization, but rather 
the development the technical aspects its business. 1916, was 
convinced that The Koppers Company should build and operate plants its 
own, and two such plants were built—the Seaboard By-Product Coke Com- 
pany, Kearny, J., supplying gas the Public Service Corporation 
New Jersey, and the Minnesota By-Product Coke Company, St. Paul, 
Minn., supplying gas the St. Paul Gas Light Company. Similar plants 
were built later Montreal. Que., Canada, Boston, Mass., New Haven, Conn, 
Brooklyn, Y., Pa., Hamilton, Ohio, and Chicago. The coke 
from these plants was marketed largely for domestic fuel. 

1920, assist the Peoples Gas Light and Coke Company overcome 
due conditions the gas industry, organized the Chicago. 
By-Product Coke Company, finance, build, and operate large by-product 
plant Chicago. plant was largely instrumental enabling the Gas 
Company meet adequately the rapidly growing demands for its service. 

Mr. Rust’s progressive spirit was typified his support Joseph 
design new coke oven, since known the Becker oven. the time the 
Koppers oven was the peak its popularity, recognized the merit 
the Becker oven and, with his support, this oven was developed. 

Soon after the Koppers organization had moved Pittsburgh, Fellow- 
ship was established the Mellon Institute Industrial Research study 
coal carbonization and utilization the by-products. With this Fellowship 
base, strong research organization was developed, with the necessary 
laboratory and field forces men with good training and analytical mental 
processes. This organization developed processes marked value, for many 
which patents were secured. These processes covered the entire field 
liquid purification gases and resulted basic patents through which The 
Koppers Company was recognized leader this field. Fertilizer research 
and soil and crop production were given careful study, and experimental 
farm was placed operation. 

The testing and evaluation coal for by-product qualities proceeded both 
laboratory and plant; methods were developed for making good coke from 
what had hitherto been regarded poor coal; studies were made various 
coals and their qualities, through which conclusions were reached the 
best coals for given plant from economic standpoint. The tar 
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was carefully surveyed, new products were introduced, and the manufacture 
coke was brought high standard quality. plants were 
output and quality product and, during the World War, 
process was developed for the recovery toluol from water-gas operation 
that was invaluable the Nation. 

Starting with small designing and constructing organization, the new 


business grew, through Mr. Rust’s foresight and vision, complete and 


integrated operating unit. the operation by-product coke ovens, coke, 
gas, and various by-products are produced. The coke marketed for blast 
furnace use and for domestic heating. secure the quality coke needed 
for these and other purposes, certain grades mix- 
tures high and low volatile coals are required. Mr. Rust realized that 
insure adequate supply the proper kinds coal the Company should 
have its own coal-producing properties. Such properties were acquired from 
time time the Company now ranks second the United States the 
commercial production bituminous coal. 

The gas sold distributing companies, but various objectionable sub- 
stances must first removed order make suitable for domestic 
commercial use. Processes for such purification gas were developed 
The Koppers Company and are now used throughout the gas industry. 

Tar obtained the purification coke oven gas refined into many 
widely used products. The Koppers Products Company purchases the crude 
tar from Company plants, well from many independent plants, refines 
into various saleable products and markets them. One the products 
creosote oil, used principally timber preservation, and another subsidiary, 
the Wood Preserving Corporation, the user this creosote oil. 

From time time, seemed expedient, other businesses were acquired 
which would fit into the operation whole, either producers materials 
required other units, users products for which market was 
needed. 

Mr. Rust was outstanding his character, integrity, and loyalty. had 
remarkable understanding human ‘nature and was deeply interested 
his fellow men and their problems. gave unstintingly his time and 
strength the interest any employee friend who rfeeded help. Perhaps 
his greatest achievement lay the confidence whieh inspired others 
through his ability understand, sympathize, and help. 

was impressed with the importance placing responsibility the 
shoulders younger men order develop them for greater usefulness. 
appointing operating heads for subsidiary companies endeavored select 
young men real capacity whom practically the entire management 
their operations could entrusted. relations with employees, and 
especially with labor, were eminently fair that practically labor 
arose during the period his management. 

recognition Mr. Rust’s character and attainments Syracuse Uni- 
versity, Syracuse, Y., conferred him the honorary degree Doctor 
Engineering 1930, and, 1934, Oglethorpe University, Atlanta, Ga., 
conferred him the honorary degree Doctor Commercial Science. 
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addition his activities business and industry, Mr. Rust took 
substantial but unassuming part nearly all movements for the good 
his community and his fellow men. was especially interested St, 
bas’ Free Home, Gibsonia, Pa., the National Cathedral, Washington, 
C., and many other good works. was member Calvary Protestant 
Episcopal Church, Pittsburgh, and served its Vestry for many 
was also member St. James’ Church, Leesburg, Va., and served 
its Vestry, did his father before him. Deeply religious himself, wag 
great influence for good, particularly among the younger people whom 
met and counted his friends. 

Mr. Rust was married Elizabeth Watkins, New York, 
1901. survived his widow and one daughter, Mrs. Stanley Brown, 
Pittsburgh; three grandsons, Henry R., Stanley N., and Fitzhugh Lee 
Brown; two sisters, Mrs. Edwards, Leesburg, Va., and Mrs. John 
Follett, New York City; and six brothers, Captain Armistead Rust, 
Navy (Retired), Boston; George Rust, Salt Lake City, Utah; William 
Rust, Leesburg; Lee Rust, Birmingham, Ala.; Marshall Rust, 
Washington, C.; and Murray Rust, Pittsburgh. 

Services were held Calvary Church, Pittsburgh, Sunday, January 19, 
1936, Dr. Edwin van Etten officiating. this service Dr. 
van Etten accompanied the family Leesburg, where again conducted 
short services “Rockland”, the home Mr. Rust, and Union Cemetery. 
These services were attended men prominent the industrial and financial 
affairs the country and many friends representatives his 
organizations, who came from distant points. 

Mr. Rust was elected Associate Member the American Society 
Civil Engineers April 1898, and Member April 1903. 


CHARLES SCHULTZE SAMPLE, Am. 
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Charles Schultze Sample, the son John and Maria (Kraft) Sample, 
was born Philo, June 1873. His family having moved Indiana 
during his boyhood, was natural that when determined upon engr 
neering career, should choose Purdue University, Lafayette, Ind. 
Purdue became one the now famous “Dorm Devils”, the membership 
which included many the University’s noted sons. Solving the engi 
neering problems connected with the famous “tank scraps” were not the only 
difficulties encountered Purdue, for young Sample played tackle and half 
back the University football team. Those were the days the flying wedge, 
mutton chop whiskers, and Mike and Katy Golden, brother and sister 
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who came from Ireland Purdue and whose interest athletics, particularly 
football, was outstanding. 

After his graduation from the School Civil Engineering 1899, 
served for two years Rodman and Transitman construction for the 
Chicago and Northwestern Railway Company. 

1901, Mr. Sample was employed the St. Louis Valley Railway Com- 
pany the location its lines from East St. Louis Thebes, and, 
later, Resident Engineer the construction the road. this work 
demonstrated his ability such extent that upon the purchase the rail- 
way, 1902, the Missouri Pacific Railway Company, was retained 
that Company and upon the completion the work, was transferred the 
construction its Gurdon and Fort Smith Branch, the semi-mountainous 
district Western Arkansas. Later, was charge important terminal 
construction Hoisington, Kans., and, 1913, was placed charge the 
location and construction the 42-mile line Eastern Arkansas, known 
the Marianna Cut-Off. The construction this line was especially difficult 
because high water the Mississippi River, and, one time, before the 
line was finally completed, was possible make trip over the right 
way steamboat. 

For brief intervals 1908 and 1915, Mr. Sample left the Missouri Pacific 
Railway Company engage railroad construction for the Dalhoff Construc- 
tion Company and for the Garden City Sugar and Land Company, the latter 
work being Western Kansas. Following the latter engagement, Mr. 
Sample returned the Missouri Pacific become Chief Pilot Engineer 
connection with the inventory and valuation the lines being made the 
Interstate Commerce Commission. 

When extensive program improvement work was undertaken 
the Missouri Pacific Railway Company 1921, Mr. Sample was made Con- 
struction Engineer. His experience dealing with contractors, his charac- 
teristic ability secure the loyal support subordinates, his common sense, 
good judgment, and fairness, all made him peculiarly fitted for this responsi- 
bility. Among the larger projects under his direction Construction Engi- 
neer were the $18000000 double-track project between St. Louis and 
Jefferson City, Missouri, and the heavy line and grade revision work 
between Kansas City, Mo., and Pueblo, Colo., which cost more than 000 000. 

1902, Mr. Sample was married Helen Brewster, Corydon, Ind. 
Their two sons, Dr. Charles and Robert Brewster, and their daughter, 
Mrs. Mary Baxter Conrad, survive him. Mrs. Sample died 1923. 
1926, Mr. Sample was married Alice Alter, Kirkwood, Mo., the St. Louis 
suburb where made his home, who also survives him. died 
September 25, 1935, and was buried Oak Hill Cemetery, Kirkwood. 

Mr. Sample was member the American Railway Engineering Associa- 
tion and the St. Louis Railway Club. served Alderman Kirkwood 
for five years, and member the Board Public was 
Mason (Chester, and active member the First Presbyterian Church 
Kirkwood. 
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will remembered his many friends and associates for his thought- 
ful and kindly concern for all with whom came contact, and 
mindfulness the teachings found the Sixth Chapter the 
according St. Matthew. 

Mr. Sample was elected Member the American Society 
Engineers December 22, 1930. 


WILLIAM LUTHER SIBERT, Am, 


Diep 16, 1935 


William Luther Sibert was born Gadsden, Ala., October 12, 1860, the 
son William and Marietta (Ward) Sibert, and was the descendant 
three generations pioneers. His great-grandfather was South Caroling 
Revolutionary soldier; his grandfather moved from South Carolina 
bama with the typical covered wagon pioneer days; his father was Con- 
federate soldier; all sturdy stock who obtained their livelihood primarily from 
the soil. 

Young Sibert’s boyhood was spent the farm, and became accustomed 
early physical labor. His education the country schools was meager, 
there were high school facilities Gadsden that However, 
the advantages higher education were desired for the boy, tutor was 
engaged, and William Sibert entered the University Alabama, University, 
Ala., 1878. 

After two years the University Alabama, entered the United 
States Military Academy, West Point, Y., from Alabama, July 11, 
1880. Cadet was studious, reserved, tolerant, and loved all; 
became known affectionately “Goliah” due his splendid physique and 
the fact that roomed with the late Colonel David Gaillard, Army 
(Retired): “David and Goliath living was graduated 
June 15, 1884, standing seventh class thirty-seven members, and was 
commissioned Second Lieutenant the Corps Engineers. 

the completion his graduation leave, September, 1884, Lieutenant 
Sibert reported Willets Point, Y., for duty with the Battalion Engi- 
neers, and pursue the course the Engineer School Application from 
which was graduated 1887. left Willets Point July that 
year, and from this time until the Spanish-American War, was engaged 
almost exclusively river and harbor 

After period duty Assistant the Officer Charge the 
District Louisville, Ky., from July, 1887, April, 1888, served 
similar capacity Cincinnati, Ohio. 

April 1888, was promoted the grade First Lieutenant. The 
following December, Lieutenant Sibert was placed local charge improve 


Memoir prepared under the direction Major General Markham, Chf. 
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ment works the Green and Barren Rivers, near Bowling Green, Ky., 
where remained until August, 1892. The next two years were spent 


Mich., where the “Soo” Locks and channels connecting the Great 


Lakes were under construction. was placed local charge the con- 
struction the ship channel from the foot Lake Huron the head Lake 
Erie. August, 1894, was transferred Arkansas and placed charge 
the River and Harbor District Little Rock, one the first officers 
placed charge district while the grade First Lieutenant. His 
responsibilities this position included all improvements the Arkansas, 
White, Black, Current, and St. Francis Rivers, Arkansas, Missouri, and 
Indian Territory. During this period duty was promoted the grade 
Captain March 31, 1896. 

September, 1898, the Army took advantage the wide experience 
practical engineering which had been afforded Captain Sibert the pre- 
ten years, and returned Willets Point, Instructor Civil 
Engineering the School Application; was also placed command 
Company the Battalion Engineers. Shortly after the declaration 
war against Spain, Captain Sibert officially requested that assigned 
duty the front with the field forces, but was not until July 1899, that 
left the station Willets Point for field service. this date left 
the post command Company Battalion Engineers, route the 
Philippine Islands for operations against the insurgents. 

Much was crowded into the brief period between his departure from Willets 
Point and May 31, 1900, when returned the United States. During this 
period Captain Sibert participated several minor actions the field opera- 
tions Luzon and distinguished himself engineer soldier, being 
commended his superior officers not only for his professional work, but 
for his actions the firing line. served both the First and Second 
Divisions the Eighth Army Corps, and from September November 25, 
1899, was Chief Engineer the Department the Pacific, addition 
commanding the Engineer Battalion. was also for some time Chief 
Engineer the Eighth Army Corps. accompanied General Schwan’s 
Brigade against the insurgents Northern Luzon, from October 14, 
1899; and his campaign through Cavite, Laguna, Batangas, and Tabayas 
Provinces, Southern Luzon, from January February 1900. 
regard his work, General Schwan his official report the latter opera- 
tions stated: cannot commend too highly the work this officer; his 
constancy, his tact, his professional skill are worthy special recognition.” 
later date, this same officer letter the Adjutant General, 
Army, wrote: 


know individual officer who contributed more the success 
the movement than did Captain William Sibert, Corps Engineers. Not 
only engineer officer, the surmounting, removal. and avoidance road 
obstacles, were his services brought into requisition: His good work extended 
and had the effect facilitating and expediting every operation that was 
former expedition, safe and most valuable prop. cannot sufficiently empha- 
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size appreciation the services this accomplished, discreet, and 
modest officer. 

“Though acquaintance with the officers the Army quite extensive, 
know none who possesses the qualities requisite the command 
volunteer regiment higher degree than Captain Sibert, who, reason 
his past service, better merits the appointment colonel volunteers. 
hoped that the War Department may see its way clear the future 
recognize some marked way the excellent work has rendered the field 
and with troops.” 


From February April 20, 1900, Captain Sibert was Chief Engineer 
and General Manager the Manila and Dagupan Railway, during which 
period reconstructed, re-organized, and operated the line until was trans- 
ferred back its owners. sailed the transport, Meade, for the United 
States May 1900. 

Following his return the United States, Captain Sibert was assigned 
District Engineer, Louisville, Ky., and took over his duties July, 1900. 
For the next seven years was actively engaged engineering works. 
December, 1901, was transferred Pittsburgh, Pa., become District 
Engineer that important District, which capacity served until 
March, 1907. was largely responsible for the adoption and development 
the 9-ft channel the Ohio River. The proof his outstanding engineer- 
ing ability and high character are amply borne out letters from residents 
the District which served written officials the Government and 
which are file the War Department. While charge this District, 
was promoted the grade Major April 23, 1904. 

During severe flood the Allegheny River January, 1907, Major 
Sibert’s prompt and energetic action demolishing part Dam No. 
Springdale, Pa., was undoubtedly the means saving considerable property. 
The following letter from the President the Heidenkamp Mirror Company 
the Engineer Department interest this connection: 


“We desire express our appreciation the prompt and strenuous 
measures used your department prevent damage property the 
recent washout around Dam No. the Allegheny River Springdale, 
Pennsylvania. The river had washed out around the north end the dam 
and for two days continued carve out new channel, the force the 
water steadily growing power until seemed all property below 
the dam, between the river and the railroad, for the distance mile, must 
swept into the river. also seemed the railroad communication 
between here and the city would officially cut off. 

“We cannot too strongly commend the energy and zeal Major William 
Sibert during this crisis. His recommendation that the top the dam 
blown off with dynamite order divert the current, was most wise and 
resulted in. saving large amount valuable property. Our factory seemed 
right the river’s path, and while have lost considerable and 
several our smaller buildings, yet our main buildings are intact and our 
factory has continued operation. 

“We feel that words highest commendation are due these men who 


have labored earnestly and wisely keep the river within its proper 
bounds.” 
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The Chief Engineers, referring this commendation communi- 
the War Department, declared: 


“The Chief Engineers wishes add that this commendation Major 
Sibert well deserved, and that the entire conduct this difficult and 
dangerous matter Major Sibert has shown ability and judgment high 
order.” 

March, 1907, Major Sibert, selected one the three Army engineers 
build the Panama Canal, was appointed member the Isthmian Canal 
Commission. This assignment can considered most definite proof 
his ability and integrity. served member this Commission until 
April 1914, period seven years. September 21, 1909, was 
promoted the grade Lieutenant Colonel. 

Division Engineer the Atlantic Division the Panama Canal 
was directly charge the construction the Colon Breakwater, the 
channel excavation from Gatun the Atlantic Ocean, the Gatun Dam, and 
the Gatun Locks. had fanatical zeal for his work, appearing daily 
the job, and instilled tremendous spirit competition the force 
operating under his supervision. took active interest the life and 
welfare his subordinates all classes. tribute Colonel Sibert’s 
ability engineer that the Atlantic Sector was the first part completed, 
particularly had been estimated the Chief Engineer that the con- 
struction the Gatun Locks and Dam would require two years longer than 
the remainder the Canal. 

1914, the result joint resolution Congress, the Chief Engi- 
neers was called upon recommend officer the Corps Engineers for 
appointment Chairman Board Engineers assist the Republic 
China making examination and report the reclamation the Huai 
River for the prevention floods and resultant famines. With due apprecia- 
tion the responsibility such assignment, the great difficulties involved 
the conduct the work undertaken, and the necessity appointing 
officer national repute, Colonel Sibert was recommended. His appoint- 
ment was highly satisfactory the American Red Cross which was sponsoring 
and assisting the work; and was granted leave absence enable him 
accept the appointment. This work engaged his attention from June 
October 15, 1914, although the outbreak the World War disrupted the 
Red Cross plan. 

Following his return from China, Colonel Sibert assumed the duties 
Division Engineer, Central River and Harbor Division, and District Engi- 
neer, Cincinnati District. was again active the solution the 
problems the Ohio River and became member Board the construc- 
tion modification locks and dams that river, and also member 
Board flood conditions the valley the Ohio River and the drainage 
area Lake Erie. 

March 1915, Colonel Sibert received the thanks Congress for 
having “rendered distinguished service constructing the Panama 
honor which was justly proud. addition, was the same time 
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rewarded being promoted the rank the Line. 
was then ordered the Pacific Coast where assumed command the 
Coast Artillery District, March 1915. remained this duty 
until shortly after May 15, 1917, when was promoted the rank Major 
General. 

General Sibert’s first duties following his relief from assignment the 
Coast were Washington, with what later became the Head- 
quarters the American Expeditionary Force. June 1917, assumed 
command the First Division and shortly afterward sailed for France with 
the first American troop units enter the theater active 
remained command the Division through the arduous preliminary train- 
ing period and brought high state effectiveness. 

participated action with the Division the Luneville Sector, 
October November 20, 1917. the words his Chief Staff, Major 
General Hanson Ely: 


“His sterling character was the admiration all his subordinates. 
commanded the division most efficiently, without fear, favor, affection; 
while working the limit under the circumstances. tempered justice 
with mercy and showed such discriminating consideration for his subordinates 
that all were sorry see him go. Those who knew his excellent work under 
the many handicaps the early training were convinced that the division 
suffered great loss his being called what may have been considered 
more important work.” 

December 14, 1917, General Sibert released command the Division 
General Bullard and returned the United States assume command 
the South Eastern Department, with headquarters Charleston, 
was relieved from this duty May 16, 1918, and brought Washington 
organize what became the Chemical Warfare Service. This was entirely 
new service the Army, and due largely the energy and adminis- 
trative ability General Sibert that able and efficient service was brought 
into being. recognition this accomplishment was awarded the Dis- 
tinguished Service Medal with the citation: “For services the organization 
and administration the Chemical Warfare Service, contributory the 
successful prosecution the war.” 

March 1920, left the Chemical Warfare Service and was assigned 
command the Fifth Division and Camp Gordon, Georgia. retired from 
active service upon his own request April 1920, under the provisions 
the Panama Canal Act. 

Following retirement from active service, General Sibert was intimately 
connected with and engaged engineering work 1932. native 
State Alabama turned him, able engineer and administrator, 
act Chief Engineer and General Manager the Alabama State Docks 
Commission which, under $10000000 appropriation, constructed ocean 
terminal Mobile. Consequently, the City Mobile can now boast one 
the most modern and well-equipped ports the South. 1928, was 
also appointed Chairman the Boulder Dam Commission, Commission 
Engineers and Geologists appointed under Act Congress investi- 
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gate and report the Boulder Dam project. From 1929 1930, was 
President the American Association Port Authorities. 

1932, General Sibert retired from active engineering and spent the final 
years his life his farm near Bowling Green, Ky., where died 
October 16, was buried with full military honors Arlington 
National Cemetery, October 18, 1935. 

General Sibert’s active life was devoted service, not only during 
his thirty-six years the Army Corps Engineers, but also for twelve years 
after his retirement. During his life was many times singularly honored 
—the thanks Congress; the Distinguished Service Medal; Commander 
the Legion Honor France; the degree Doctor Laws from the 
University Alabama (1919); the degree Doctor Engineering from 
the University Nebraska (1919); the many important positions trust— 
all bear witness the worth his service and the regard those for 
devoted his life, his fellow men. Like all men who have done great thinys, 
General Sibert knew men and how use them. Particularly did under- 
stand young men and how best develop The heritage which 
left the hearts and minds the many young men who served under him 
and were taught him being transmitted them other young men and 
will continued long the Corps Engineers endures. was loyal 
and zealous his work, efficient without being harsh, loved and respected 
all. 

was married Mary Margaret Cummings, Brownsville, Tex., 
September, 1887, Juliette Roberts, 1917, and Evelyn Bairnsfather, 
Edinburgh, Scotland, June, 1922. was survived the time his 
death his widow, Evelyn Sibert, and William, Franklin, Harold, 
Edwin, Martin, and Mary (Mrs. Smith) Sibert, children his first wife. 

General Sibert was elected Member the American Society Civil 
Engineers June 1897. 


EUGENE ADALBERT SILAGI, Am. Soc. 


Diep 1935 


Eugene Adalbert Silagi was born Rozsno, Hungary, August 24, 1876. 
was educated the Joseph Royal Technical University, Budapest, 
from which was graduated 1898 with the degree Civil Engineer. For 
period fourteen years following his graduation, served Lieutenant 
and First Lieutenant the Hungarian Army, teaching mathematics, sur- 
and mapping the Military Academy Pecs, Hungary, during 
the last two years this service. 
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From 1902 1904, Mr. Silagi was engaged Supervising Engineer 
the construction reinforced concrete stations and roundhouses for the 
Trans-Siberian Railways, Tamsk (or Omsk), Siberia. This was followed 
two-year engagement Designing Engineer for concrete structures 
the Chemin Fer d’Algerique, Oran and Saida, Alger, North 

1907, Mr. Silagi came the United States and was employed 
the Trussed Concrete Steel Company, Detroit, Mich., his work 
ing the construction numerous warehouses, bridges, tall buildings, and 
factories. This connection was continued until 1913, when became Chief 
Engineer for the United Engineers, Limited, Singapore, Straits Settle- 
ments, and, for two years, was engaged the design and construction 
sea walls, retaining walls, wharves, heavy foundations, bridges, and 
buildings. 

During 1915, Mr. Silagi made investigation for the Trussed Concrete 
Steel Company its agencies Manila, Philippine Islands, Shanghai, China, 
and Honolulu, Hawaii, making reports and recommendations future 
policies. Late the same year returned America, and became Manager 
the Columbus, Ohio, Office the Truscon Steel Company, directing 
designs, estimates, and sales, and personally designing number ware- 
houses, schools, hotels, and factories. 1919, while still managing the Trus- 
con Company’s Office, acted Consulting Engineer connection with 
the design large refinery for the Ohio Cities’ Gas Company, and 
number other projects. 

His connection with the Truscon Steel Company was continued 
Mr. Silagi’s death. 1920, left Columbus and until 1922 his head- 
quarters were the Company’s New York Office, but traveled extensively, 
his duties taking him and Rangoon, India, Singapore, Batavia, 
Dutch East Indies, and Shanghai; from 1923 1927, was the Company’s 
General Manager Shanghai; 1928, went Manila, its representa- 
tive, associated with the Pacific Commercial Company, and remained this 
capacity until 1933, when became Sales Manager for the China United 
Engineering Corporation, Truscon Agents Shanghai, holding this position 
for the remainder his life. all these positions was engaged largely 
the design and construction important buildings and engineering works. 

Mr. Silagi was remarkable linguist, speaking nine languages, namely, 
English, Hungarian, German, French, Italian, Austrian, Chinese, Japanese, 
and Hindustani. During the World War rendered valuable service the 
Columbus, Ohio, Chamber Commerce interpreter and addressing, 
their own languages, gatherings the foreign population, ironing out fac- 
tional differences and possibly averting serious trouble. also organized, 
and acted Captain and Drillmaster Company Columbus Reserve 
Guard, which was made members the Engineers’ Club Columbus, 
which was active and valued member. was member the 
Masonic Order and the Benevolent and Protective Order Elks. 

was possessed very pleasing personality and frank, loyal, 
and generous character, and was highly regarded those with whom 
had business social relations. was lover horses 
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and dogs, and sometimes rode his own horses races the Far East. 
was also fond hunting. 

Mr. Silagi was elected Associate Member the American Society 
Civil Engineers June 11, 1917, and Member March 1920. 


HENRY CLEMENT SMITH, Am. Soc. E.* 


Diep January 11, 1936 


Henry Clement Smith was born Philadelphia, Pa., February 1860, 
the elder son Lewis Smith and Rebecca Levis (Wood) Smith. 
obtained his college preparation tke Friends Central School, Phila- 
delphia, and was graduated from the University Pennsylvania Civil 
Engineer 1881. 

His early engagements were with the Pennsylvania Railroad Company. 
the Pennsylvania, Schuylkill Valley Railroad Company, and the Philadelphia, 
Germantown and Chestnut Hill Railroad Company. served also with the 
Department Surveys Philadelphia, the capacities Draftsman, 
Rodman, and Instrumentman. 

1885, Mr. Smith was with the Little Rock and Fort Smith Railroad 
Company, Little Rock, Ark., Chief the General Manager’s 
Office. was obliged resign, however, and return home the course 


year the result severe illness. Throughout the remainder his life, 


remained the Philadelphia District. 

During the following two years was the employ the Pennsylvania 
Railroad Company Assistant Engineer charge shop and warehouse 
construction, track construction, and preliminary survey the Maurice 
River Railroad, New Jersey. Mr. Smith then went the old Philadel- 
phia, Wilmington, and Baltimore Railway Company Assistant Engineer. 
Later, became the Division Engineer its Central Division. 

remained with the Pennsylvania Railroad System, until about 1905, 
when resigned become Division Engineer the Philadelphia Division 
the Philadelphia and Reading Railroad, with offices Philadelphia. Dur- 
ing his long service with the Reading System, Mr. Smith, addition dis- 
charging the onerous duties Division Engineer, was often consulted 
his associates matters concerning improvements the design and erection 
important structures needful the expansion great railroad system. 
the latter part his life, times shouldered responsibilities incident 
the uninterrupted operation his Division, which severely taxed his 
strength and undoubtedly enfeebled his retiring years. 

his bearing, Mr. Smith was quiet and dignified, but firm the dis- 
charge his duties. was conscientious marked degree, well 
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informed his profession, and had the respect and good will his men, 
was member the Engineers Club Philadelphia. 

was married October 1889, Anna Cheyney, Media, 
and survived his widow and son, Lewis Cheyney Smith. 

Mr. Smith was elected Member the American Society Civil 
Engineers October 1901. 


JONATHAN PARKER SNOW, Am. Soc. 


1933 


Jonathan Parker Snow was born Concord, H., November 1848, 
the son Jonathan and Lydia Ann (Parker) Snow. His paternal ancestors 
were sea-faring men, Cape Cod, Mass., and his maternal ancestors, English 
immigrants prominent the early settlement the Massachusetts Bay 
Colony. His early education was obtained private academy Contoocook, 
H., and was graduated from the Thayer School Civil Engineering, 
Dartmouth College, Hanover, H., 1875, with the degree Civil 
Engineer. 

that time schools colleges for teaching Civil Engineering were few, 
and most them were privately endowed. State universities repute could 
counted the fingers one hand; high schools were rare; engineering text- 
books were few and inadequate; recourse was had English and French 
treatises; and, consequently, American practice conformed ‘many respects 
that abroad. spite handicaps, however, zealous application Mr. 
Snow obtained thorough knowledge the science engineering, and 
retentive memory enabled him make full use his education. 

the time his graduation, Mr. Snow was his twenty-seventh year, 
but more mature than usual that age. His first employment was 
Principal Assistant the City Engineer Fitchburg, Mass.; and then, 
the Manchester and Keene Railroad, New Hampshire, Transitman and 
Assistant Engineer charge location, and Division Engineer 
charge construction. also fulfilled some engagements North Carolina 
and Pennsylvania. Recalled the Thayer School Instructor during one 
year, conducted field work and prepared useful notes carpentry, 
explosives, rock-drills, and quarrying, which served temporarily until suitable 
textbooks appeared. His next engagement was Surveyor map work 
Prince Edward Island. Entering the Boston Bridge Works, November, 
1879, served for four and one-half years First Assistant the late David 
Herbert Andrews, Am. E., the Proprietor, charge designs and 
estimates, time when was customary for railroad companies, municipali- 
ties, and architects depend upon contractors for engineering designs. 1884, 
entered the office the late John Waldo Ellis, Am. Soc. 


* Memoir prepared by the late Robert Fletcher, M. Am. Soc. C. EB., and J. R. Worcester. 
M, Am. Soc. C. E. 
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Woonsocket, addition large private practice, Mr. Ellis served 
Engineer the Providence and Worcester Railroad Company, and Mr. 
Snow had charge the Bridge Department for four years. July, 1888, 
was apointed Bridge Engineer the Boston and Maine Railroad Company, 
which office held until, twenty-one years later, was promoted Chief 
Engineer. After two years Chief Engineer, re-organization brought 
controlling influence the New York, New Haven, and Hartford Railroad 
Company, and was released from the office. Thereafter, carried 
consulting practice, with office Boston. 

this connection with the railroads, Mr. Snow devoted himself the 
service with whole-hearted zeal and the knowledge gained years previ- 
ous experience. His notebooks indicated the condition every bridge main 
lines and branches, not only general, but computed strength each 
member. occasions, conducted small groups students tour for 
bridge inspection. The bridges with which had deal included practically 
all types construction, among the most unique which were several “jack- 
knife” draw-bridges, such those over the Charles River, front the 
Boston Terminal. this construction the track stringers were hinged 
the fixed ends, while the outer ends were suspended from rigid frame. 
operation, the stringers while remaining parallel each other, were swung 
around side-haul shut together like jack-knife, leaving clear 
passageway. 

The majority the bridges for which was,responsible were built with 
timber, chiefly the lattice and Howe truss types, with without timber arches. 
Mr. Snow advocated conserving these bridges long they could made 
assuredly safe under the loads then allowed. held strongly the convic- 
tion that, the development types timber trusses and combination 
trusses, the merits the Towne lattice with built-in timber arch were not 
fully appreciated. pointed the facts that they required elaborate 
framing, used only timber less bulky shapes, were more easily erected, had 
greater lateral stability, and that experience thirty years designing and 
maintaining such structures had shown that they continued carry—without 
over-strain—loads far heavier than those for which they were designed. 
paper entitled “Wooden Bridge Construction the Boston and Maine 
described such truss with drawings detail and convincing 
arguments. 

was time experimentation with various types wrought-iron trusses 
those which timber and wrought iron were Steel had not 
then been adopted bridge construction. The Bollman, Fink, and Post 
trusses, bore the names their inventors, while others were named from 
the bridge shops which produced them. Those were the days controversy 
between American engineers who designed pin-connected trusses gain the 
utmost economy material, and English engineers who preferred riveted 
types with less concern for the greater weight metal used. Mr. Snow’s 
preference was for the riveted type, particularly gain more rigidity, and 
this preference was forestalling the trend more recent times. 


Assoc. Eng. Societies, Vol. XV, 1895, 31. 
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Mr. Snow was faithful member the Society and contributed liberally 
its publications. Previous 1895, had furnished discussions subjects, 
such the life iron bridges, railway bridge design, thin floors for bridges, 
tests bridge members, wind-bracing high buildings, etc. His final con- 
tribution the was co-author paper entitled History 
the Development Wooden Bridges”, prepared during the years 
1931-33. this paper distinguished member the Society wrote: “It 
not only history wooden bridges; practically treatise the design 
wooden bridges the more recent types.” Its authoritative and practical 
value treatise due large extent Mr. Snow. died within two 
weeks after the issue the complete reprint. 

Mr. Snow was member the American Railway Engineering Association 
from the time its organization, and, for many years, regular attendant 
its Annual Conventions, where took part the discussions. was Chair- 
man the Committee Iron and Steel Structures during the time that this 
Committee was formulating its first Specification for Steel Railway Bridges. 
was adverse the law under which the Interstate Commerce Commission 
made the valuation the railroads, claiming that the cost rails, roadbed, 
buildings, and rolling stock had little significance the return was 
inadequate; and that the proper basis revenue received. was member 
the Special Committee the Society which made the Final Report 
Formulate Principles and Methods for the Valuation Railroad and Other 

was also member the American Association Superintendents 
Bridges and Buildings, the American Society for Testing Materials, the 
Boston Society Civil Engineers, and the Thayer Society Engineers, 
well the following clubs: New England Railway, Engineers, and New 
Hampshire Club, Somerville, Mass. 

1880, Mr. Snow was married, Boston, Mrs. Marietta Eaton, 
Wilton, H., who died June, 1928. June, 1929, was married 
Mrs. Delia Hardy Osgood, who died September, 1932. During the later 
years his sister, Josephine Snow, kept house for him his home 
Somerville, Mass. was Republican politics, and Universalist faith. 

Mr. Snow was original thinker, not bound precedent; could vis- 
ualize the result his work, and his object was attain the result without 
wasting time expense the process. While had proper respect for 
beauty, did not consider his job produce it; seemed feel 
that engineering structures evident suitability for the use was all that 
appearance demanded. practical experience with shop and field work 
made him ever watchful the practicability constructing and erecting 
whatever designed. His open-mindedness evidenced brief talk 
members graduating class, which cautioned them “restrain 
their knowledge until was needed,” and assured them that they would find 
much learned from the workmen the job. Also, that the safe policy 
was say little and, the meantime, make full use their eyes and ears. 


* Transactions, Am. Soc. C. E.. Vol. 99 (1934). p. 314. 
Loc. cit., Vol. LXXXI (1917), 
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his contacts with men was blunt, frank, and outspoken, taking 
seeming pleasure the use colloquial expressions, but was never dis- 
courteous. was always open argument and free listen his opponent. 
result, was respected and beloved those who were privileged have 
dealings with him. was too modest set proper value his own 
opinions, and gave freely advice that others was priceless. 

The impression which Mr. Snow’s personality made his associates 
happily expressed one his colleagues, prominent member the Society, 
who writes follows: 

“We were all very fond Snow, and had great respect for his ability 
engineer and his character man. feel that his sound 
judgment, common sense, and practical attitude toward all problems 
made him one the most valuable counsellors 

Mr. Snow was elected Member the American Society Civil 
June 1885. served Director the Society from 1911 1913. 


EARL EUGENE SPERRY, Am. Soc. E.* 


Diep 17, 1935 


Earl Eugene Sperry, the son John Eugene and Julia (Paul) Sperry, 
was born West Monroe, Y., May 27, 1883. His preliminary educa- 
tion was obtained Manlius Military Academy, Manlius, Y., from 
which was graduated 1900 the head his Class. 1904, was 
graduated from the Rensselaer Polytechnic Institute, Troy, Y., with the 
degree Civil Engineer. During his course college demonstrated that 
exceptional ability which proved such asset during his business career 
and, graduation, received the much coveted insignia Sigma Xi, repre- 
sentative the highest type scholarship. was member the Delta 
Kappa Epsilon Fraternity. 

Following his graduation from Rensselaer, Mr. Sperry, July, 1904, 
entered the Engineering Departinent the Solvay Process Company, 
Syracuse, 1907, was promoted the position Assistant Civil 
Engineer and, 1921, was given the position Chief Civil Engineer 
which held until his resignation 1924. 

Much could recorded regarding his varied and intricate engineering 
work during his years with the Solvay Company. Among his activities were 
included the design, construction, and operation immense quarry and rock- 
plants, water and sewerage systems, brine wells, steam power plants, 
water, air, and brine pipe lines, and plant railroads for the Company’s plants 
Syracuse, Detroit, Mich. and Kansas City, Mo. His most notable 
professional work consisted unique development deep-well pumping 
which revolutionized the methods then use. 
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1924, entered into private business Retail Coal Merchant and 
Concrete Products Manufacturer, with office and works Oneida, 
which business conducted until his death August 17, 1935. 

Mr. Sperry endeared himself all with whom came contact, not 
only because his engaging personality, but also for his exceptionally high 
standard sportsmanship. His business associates admired him not only for 
his great ability engineer, but for his friendly spirit and wonderful 
cheerfulness and fortitude under extreme stress. Had continued within 
the technical branch his profession, undoubtedly would have attained the 
highest pinnacle the field industrial engineering. 

During his late years, successfully hid from even his closest associates 
the continued agony the heart affliction which not only handicapped him 
every way, but ultimately was the cause his death. was member 
the Congregational Church, Munnsville, 

was married Elizabeth Burns, Troy, Y., October 1904, 
who, with his daughter, Margarete Elaine, one brother, and two sisters, 
survives him. 

Mr. Sperry was elected Member the American Society Civil 
Engineers December 15, 1924. 


OSCAR VAN PELT STOUT, Am. Soc. 


Diep 1935 


awkward, overgrown country lad once enrolled the Civil Engineer- 
ing Department the University Nebraska, Lincoln, Nebr. 
his second year presented himself the Dean’s office one day after class. 
year college had added but little his urbanity. His movements were 
still gawky, his hands and feet were too large, and could not find any 
place put his hat. 

finally explained, hesitatingly, that his folks had told him had 
better have talk with the “perfesser” see whether there was any use his 
taking any more engineering. said liked the study and the surveying 
all right, but “did the ‘prof? think could ever Dean 
Stout’s reply was brief and pertinent: “If were you I’d try join ‘frat’, 
mix little, and learn something about life.” 

What diviner things human! Such one becomes infinitely more 
than mere teacher—he becomes institution, human guide-post! 

Dr. Stout began his career railroad work during college and subse- 
quent his graduation from the University Nebraska 1888. left 
the “Burlington” early 1890, accept appointment City Engineer 
Beatrice, Nebr., but was called back his Alma Mater the fall 1891 
Instructor the Engineering Department. Within two years 
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was placed charge the Department and, 1912, was made Dean the 
Engineering College which position held until resigned 1920, 

his students finished their Freshman and Sophomore years and learned 
about railroads from his experience (in the early days railroading was about 
the only engineering experience available for civil engineers), the stern pro- 
fessor relaxed, particularly toward those who were following engineering 
the summer during their vacations. They were called and afforded those 
intimate contacts which, even more than the technical training, everlastingly 
endeared him them. 

had most subtle way pointing out the human elements engi- 
neering—lessons not found books, but which was past master. 
One his epigrams has become famous—“the engineer resourceful man.” 

Those who were graduated under him carried with them the conviction 
that engineering was office trust and profession honor—a convic- 
tion firmly instilled that could never forgotten the practice their 
profession. 

the time receiving his Bachelor’s degree was awarded the 
lastic honor membership Phi Beta Kappa. was also Charter 
Member the Nebraska Chapter Sigma XI, organized 1897. The 
professional degree Civil Engineer was conferred upon him 1897, and 
that Doctor Engineering 1932, both the University Nebraska. 
His college fraternity was Beta Theta Pi. was made honorary member 
Sigma Tau the founding that engineering honorary fraternity 
the University Nebraska 1904. 

honor Cyrus Hall McCormick Gold Medal Award was created 
the American Society Agricultural Engineers given each year 
“for exceptional and meritorious engineering achievement agriculture.” 
Dr. Stout was chosen almost without competition the that 
award which was made Columbus, Ohio, 1932, the Annual Convention 
the Society. 

During the period teaching was also engaged the general practice 
engineering. did considerable work for the Water Resources Branch 
the United States Geological Survey, and for what now the Bureau Agri- 
cultural Engineering the Department Agriculture. Some his private 
engagements included work for the Ingold Placer Mining Company, 
Colorado, Tristate Land Company, Scottsbluff, Nebr., and Costillo Estates 
Development the San Luis Valley, Colorado. His professional 
advice was frequently sought matters reclamation, drainage, and other 
fields engineering. had most happy faculty combining 
thorough theoretical knowledge with simple and practical ways doing 
things. One his pungent remarks long remembered is, “You should 
never place your entire organization experimental basis.” 

connection with his water supply work for the Government devised 
simple and effective method determining the daily discharges from 
limited number measurements erratic streams, such those with 
unstable beds, those affected growth aquatic plants. This method 
still used hydrographers ‘and known “Stout’s Method for Shifting 
Stream Beds.” 
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soon the United States entered the World War, Dean Stout volun- 
teered for service, secured leave absence from the University, and received 
commission Major Engineers the Reserve Corps, United States 
Army. spent two months training camp, four months with the Con- 
struction Division, and seven months Battalion Commander. most 
his contemporaries still lovingly referred “Major Stout.” 

the midst the war excitement 1917 and 1918, old Nebraska 
engineering graduate alighted one evening hotel Washington, 
and looking across the lobby saw Dean Stout dressed the uniform 
Major Engineers. answer the “grad’s” question what was 
doing, very modestly deprecated the very important service was then 
rendering, but showed himself restless any old recruit get over 
France. one who had been out school for fifteen years, and who 
student had looked upon the Dean man mature age, was 
amazing and most refreshing find him full vigor and “champing 
the bit” get into action. 

1919 resumed work the University Nebraska, but resigned 
within year engage private practice. Land reclamation projects which 
looked promising the time “went the rocks”, and turned irriga- 
tion work for the Government which service continued until his death. 
His last work was the Division Irrigation the Bureau Agricultural 
Engineering, with headquarters Berkeley, Calif. consisted special 
research work carried connection with the California Agricultural 
Experiment Station and co-operation with the California State Depart- 
ment Public Works. 

the time his death was engaged special study the Platte 
River Nebraska for the United States Bureau Reclamation. was 
taken ill duty and died Denver, Colo., after only few days’ sickness. 

Late one hot summer afternoon 1932, Nebraska engineering graduate 
driving the Sacramento Valley, stopped beside car parked the shade 
tree, only find Dean Stout the midst cne his numerous investi- 
gations, sitting his car making notes, Pleasantries were exchanged and 
the former student learned that the Dean expected travel about ninety 
miles yet reach home that night, and even then was planning what was 
going early the next morning—and the Dean had been thought 
elderly his students, thirty years before! 

His knowledge human nature was most cogently demonstrated 
expert witness important water-right case affecting very valuable 
properties Southern California. The case, which was being tried before 
jury farmers, had been hopelessly muddled metropolitan attorney 
and the witnesses had produced that time. The Dean’s frank and 
clear statements were education that farmer jury, which they 
responded graciously their verdict which prevented the public from suffer- 
ing the loss many thousands dollars purely trumped-up claim. 
After the verdict every member the jury insisted shaking hands with 
the Dean and lingering longer talk with him. 
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Dr. Stout was born Jerseyville, November 14, 1865. was 
married Edith Forbes, Beatrice, Nebr., 1890. them were born 
six children—Richard Forbes, Donald John, Oscar Charles, Marian Edith, 
Harris Pinkerton, and Burt Elihu. granddaughter lived for number 
years his home Oakland, Calif. the age seven, one day her 
rejoinder something playmate had said was overheard, “Aw, grandfathers 
don’t get cross yu!” 

Dr. Stout had burning interest every young man that passed through 
his institution. never tired meeting “his boys.” knew the names 
most them and could tell with astonishing detail the career each 
since leaving college. Probably one the proudest moments his life was 
the occasion his escorting Charles Purcell, Assoc. Am. E., 
one “hie boys”, the platform receive degree Doctor Engineer- 
ing the Commencement 1935, after the Dean had been away from the 
University for seventeen years. 

bit advice often gave young engineers was, “Any engineer who 
ever expects amount anything should join the American Society 
Civil Engineers and before some one gets for him.” well 
known that held the Society great reverence, but for some reason never 
applied for membership until resigned Dean. 1922, had his 
application papers made out and was just the verge sending them 
when his reclamation “bubble” burst, and the application was never filed. 

November 1926 special dinner meeting was called the University 
Nebraska Alumni San Francisco, Calif., and about two hundred sat 
down the banquet the Stewart Hotel. Fred Hunter, now Chancellor 
Higher Education Oregon, was Toastmaster. Dean and Mrs. Stout 
and available members his family were present. The Dean was presented 
with handsomely bound and suitably inscribed volume letters that had 
been gathered from “his boys” from all corners the world—about 160 
them had written message affection and cheer. They had also made 
fund and presented the Dean the grade Member the American 
Society Civil Engineers’, with all fees and dues paid. small balance 
remained that fund the time his death, which was immediately turned 
over Mrs. Stout. 

Dean Stout was elected Member the American Society Civil 
Engineers April 18, 1927. 


CHARLES FREDERICK SWIGERT, Am. Soc. E.* 


Diep June 23, 1935 


Charles Frederick Swigert, one the best known Engineer-Executives 
the Pacific Coast, was born Swanton Village, Ohio, December 1862. 


The story this episode contained Engineering, September, 1935, 603. 
*Memoir prepared James Polhemus, Am. Soc. 
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was the son Charles Frederick Swigert and Elizabeth (Gorrill) Swigert, 
and was the only boy family four children. His father died when 
Mr. Swigert was quite young, and went with his three sisters live with 
his grandparents. received his education the public grade and high 
schools. 

Mr. Swigert’s career identifying him with engineering, construction, and 
operation various types the Pacific Coast began June, 1881, with the 
Bridge Company San Francisco, Calif. 1888, moved 
Portland, Ore., establish branch the Pacific Bridge Compeny and his 
first major undertaking was the building the original Morrison Street 
Bridge which was the first span the Willamette River, Portland. 

was still identified with the Pacific Bridge Company the time 
his death, although the interim yr, had been actively concerned, 
mostly executive proprietary capacity, with many activities. These 
included extensive construction works well giving the benefit his 
abilities unremunerative public service. 

Among his earlier activities addition his work with the Pacific 
Bridge Company, was Consulting Engineer for the Albina Light and Water 
Company from 1892 1898; between 1892 and 1905, acted Consulting 
Engineer, then Chief Engineer, for the City and Suburban Railway Com- 
pany and, later, became Vice-President and Manager that Company. When 
that Company’s interests were sold new company which absorbed three 
electric railway companies and the power and light company serving 
land, Mr. Swigert retired from active management, but became Director 
the consolidated company, then known the Portland Railway, Light and 
Power Company. When Mr. Swigert relinquished the active management 
the Street Railway Company mentioned, devoted the greater part the 
year, 1906, travel various parts the world, viewing this trip not only 
ancient and modern engineering works the European countries and 
the borders the Mediterranean. but acquiring comprehensive understand- 
ing the world’s economic relations. 

Mr. Swigert’s service public capacity was member The Port 
Portland Commission from 1901 1911, except for part 1905 and 1906, 
while was traveling foreign countries. Shortly after his appointment 
The Port Commission was elected President the Commission and 
continued its leader during his tenure. This Commission body 
created the Legislature for the purpose establishing and maintaining 
channel the Willamette and Columbia Rivers between Portland and the 
sea, capable accommodating ocean commerce. The Commissioners serve 
entirely without remuneration and the leadership this endeavor was well 
suited the creative talents and executive abilities Mr. Swigert. the 
time entered upon these public duties river and harbor appropriations 
the Federal Government for the improvement the Columbia River channel 
were not large. The channel the Columbia and Willamette Rivers for 
distance about 100 miles, stretching between the sea and Portland, was 
inadequate depth and width for the increasing commerce the Port, and 
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its maintenance against annual sedimentation due freshets was uncertain. 
Even adequate equipment was lacking. Mr. Swigert was largely instrumental 
formulating and carrying out program which definite results were 
obtained. 

large construction work, Mr. Swigert’s activities increased with his 
years. was already his seventies when and his associates the 
Pacific Bridge Company undertook and carried out, before his death, the 
construction the foundation piers the Golden Gate Bridge, well 
participating similar construction the San Francisco Bay Bridge. 
Bridge foundation work was specialty with Mr. Swigert. Among the other 
comparatively recent bridge foundation structures placed the Company 
which was President, are the Interstate Bridge, over the Columbia 
River, Vancouver, Wash.; the Lake Union Bridge, Seattle, Wash.; 
the Longview Bridge, over the Columbia River; the Burnside and Ross 
Island Bridges, over the Willamette River, Portland Harbor; and the 
St. Johns Suspension Bridge over the Willamette River. past years 
the Company did the pier work practically all the bridges Portland and 
its vicinity and, times, carried out similar work other parts the 
United States. 

The Pacific Bridge Company was one the original members the six 
companies which built the Boulder Dam and which were awarded the contract 
for the Parker Dam the Colorado River. The Company also associated 
with the General-Shea Company which was awarded the contract for the 
Bonneville Power House. 

Among the industrial activities which Mr. Swigert engaged various 
times during his career, some which were still his attention 
the time his death, were manufacturing such lines iron and steel 
products, wood products, paints, and wood preservatives. The best known 
institutions this line are the Electric Steel Foundry Portland, and 
the Willamette Hyster Company. list detail the various companies 
with which Mr. Swigert was connected either active executive, 
consulting advisory capacity, would take much space. 

mention many varied activities encompassing works such extraor- 
dinary size tends give the impression man whom what are called 
the human homely characteristics might expected crowded out. 
This was emphatically not the case with Charles Swigert. numbered 
personal friends and thousands and his life was filled 
with friendly human contacts was with business activities. was 
never the distant impersonal executive but, the limits human capacity, 
had personal knowledge and interest the personnel the organiza- 
tions with which was connected, not overlooking the humblest employee. 

passed away unexpectedly San Francisco, Calif., June 23, 1935, 
having died during his sleep, his seventy-second year. survived 
his widow, Rena Swigert and three sons, Charles Frederick, Jr., Earnest 
Goodnough, and William Gorrill Swigert. 

Mr. Swigert was elected Member the American Society Civil 
Engineers June 1928. 
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CHARLES VOETSCH, Am. Soc. E.* 


Diep 1935 


Charles Voetsch, the son Jacob and Anna (Huonker) Voetsch, was born 
Waldenbuch, Germany, August 1877. His early education was 
obtained that city where his father was Public Attorney. His technical 
education was extensive, covering both Mechanical and Electrical Engineer- 
ing. received his degree Mechanical Engineer from the Technical 
University Stuttgart, Germany, and, later, his degree Electrical Engi- 
neer from the Technical University Darmstadt, Germany. part the 
requirements for these degrees, Mr. Voetsch his first work obtained con- 
siderable shop experience machinist. 

Upon coming America 1904, Mr. Voetsch was employed the 
Morris Company, Philadelphia, Pa., Designer hydraulic tur- 
bines. While with this Company designed the runners for the 
Shawinigan Water Power Company, Quebec, Que., Canada. His next work was 
with the Allis-Chalmers Manufacturing Company, Milwaukee, Wis., where 
was employed from November, 1904, September, 1906. During this 
period designed the 500-hp turbines for the Great Northern Power Com- 
pany, and the 000-hp turbines for the California Gas and Electric Company. 

From September, 1906 October, 1907, Mr. Voetsch was associated with 
Sellers and Rippey, Consulting Engineers, Philadelphia, engaged the 
design hydro-electric power developments. was next with the Bidwell 
Electric Company, Chicago Heights, until October, 1908, Chief 
Engineer charge design electric motors, dynamos, and carbonic acid 
ice machines, and Superintendent charge the Company’s shops. 

From April, 1909, October, 1910, was employed the Indiana Steel 
Company, Chicago, Designing Engineer. His next work, continuing 
October, 1911, was with the Falkenau Electric Construction Company, 
Chicago, the design the hydro-electric power plant for the Davis and 
Weber County Canal Company, Ogden, Utah, and sub-stations and steam- 
generating stations Ogden, and Salt Lake City, Utah, including also 
the electric installations these projects. Thereafter, until February, 1913, 
was Chief Engineer charge designs and shops for the Camden 
Hydraulic Turbine Corporation, Camden, 

Mr. Voetsch served Electrical, Hydraulic, and Mechanical Engineer for 
the Utica Gas and Electric Company, Utica, Y., from April, 1913, 
August, 1922, charge reconstruction steam and hydro-electric plants, 
and planning and designing power-plant extensions, sub-stations, transmission 
lines, and new power developments. While with this Company, prepared 
designs for the Trenton Falls Plant, consisting three 9000-hp turbines 
operating under 265-ft head. the latter part this period, was 
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temporarily transferred the staff the Hooven-Owens-Rentschler Oom- 
pany, re-design and build two turbines for the Utica Gas and 
Electric Company and the Cohoes (N.Y.) Power and Light Company. 

From August, 1922, June, 1924, Mr. Voetsch was with the Adirondack 
Power and Light Company, Schenectady, Y., charge the design 
Spier Falls, Y., the Hudson River. 

1925, was Hamburg, Germany, where supervised the 
designs pulverized fuel boiler plant for the Vickers-Spearing Boiler Com- 
pany, London, England. From July, 1925, April, 1927, was engaged 
consulting engineering practice particularly the design special 
machinery, with offices Cleveland, Ohio. 

Mr. Voetsch entered the Government service 1927, and from 
then until June 1928, was employed the United States Engineer 
Office, Chattanooga, Tenn., Hydro-Electric Engineer the power sur- 
the Tennessee River and its This survey included com- 
prehensive study the hydro-electric possibilities the Tennessee River 
Basin, involving the investigation about 150 proposed storage projects, 
run-of-river plants, and auxiliary steam plants. connection with this work, 
Mr. Voetsch developed new and more direct methods for determining the 
combined power this complicated system with the most economical use 
water for maximum firm power development. connection with this survey, 
furthermore, made preliminary layouts and designs for the Cove Creek 
Project, the Clinch River, which later became the Norris Dam Project 
the Tennessee Valley Authority. Subsequently was transferred the 
United States Engineer Office, Nashville, Tenn., where November 
1929, was advanced the position Senior Hydro-Electric Engineer and 
assigned power survey the Cumberland River and its tributaries. 

November 23, 1929, was transferred the Madden Dam Project 
the Panama Canal Zone where prepared preliminary designs and esti- 
mates for the Madden Dam and Power Plant. also prepared the final 
designs for the 66-kv transmission line, from Madden Dam Summit. 
February, 1931, Mr. Voetsch was transferred the United States Bureau 
Reclamation Denver, Colo., assist the preparation final designs 
for the Madden Dam and Power Plant. After the completion these 
designs, was engaged hydraulic designs for the Boulder Canyon, Grand 
Coulee, and Seminoe Power Plants, the Bureau Reclamation, and also 
for the Norris and Wheeler Power Plants the Tennessee Valley Authority. 

Those who are familiar with Mr. Voetsch’s professional work attribute his 
successful and useful career certain distinctive qualifications. was 
indefatigable student and worker. had keen mind, devoted much time 
reading technical literature, and was able converse four different 
languages, English, German, French, and Spanish, which gave him unusual 
ability study technical problems. His early technica] training, together 
with his broad experience and sound engineering judgment, made him 
unusually well qualified handle important work. 

*H. Doc. 828, Cong., Session. 
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was exceptionally well informed precedents and standard 
the design, construction, and operation American and European hydro- 
electric developments, and resourceful the adaptation these practices 
the problems hand. Mr. Voetsch contributed generously the store 
American engineering knowledge translating articles engineering and 
research work done Europe. was the author several papers hydro- 
electric design and construction. 

was member the American Society Military Engineers, the 
Masonic and Shrine fraternities, and the Benevolent and Protective Order 
Elks; and was Licensed Engineer and Land Surveyor the State 
New York. 

Mr. Voetsch was modest, unassuming, and friendly. always dealt with 
people with courtesy and with instinctive consideration for their feelings. 
was highly respected his associates who prized his sincere and unaffected 
friendship. was thoughtful those working under him and was always 
ready assist and encourage his associates. Notwithstanding his extensive 
technical knowledge, was open-minded and considered carefully the sug- 
gestions and opinions others. 

His principal hobby, aside from study, was the collection curios, speci- 
mens, pictures, and especially engineering data. was skilled violinist 
and occasionally delighted his friends playing classical music. 

The following are quotations from letters that have been received from 
some Mr. Voetsch’s friends and associates: 


Lt.-Col. Lewis Watkins, General Staff, Army, formerly District 
Engineer, Engineer Offices, Chattanooga and Nashville, Tenn., writes: 


“Mr. Charles Voetsch was employed from 1927 1929, the sur- 
veys the Tennessee River and its Tributaries and the Cumberland River 
and its Tributaries for their combined development for navigation, power, 
flood control, irrigation, prevention soil erosion, and other useful purposes. 

“These were the first comprehensive surveys covering the complete eco- 
nomic development large river and its tributaries ever made the 
Federal Government. They involved large amount mapping, research 
work, developments principles governing the best and most economic 
methods developing the river and its tributaries for the combined purposes, 
and the preparation general plans and estimates cost for many engineer- 
ing projects. 

“As result these surveys project for the combined development 
the Tennessee River and its Tributaries was adopted Congress 1929. The 
construction the project being carried out the Tennessee Valley 
Authority. 

“In these surveys, Mr. Charles Voetsch rendered valuable assistance 
research work, the development principles governing the combined 
development the river and its tributaries, and the preparation general 
plans and estimates cost. soon became leading man phases 
the survey. Whenever information data was desired any engineering 
subject, Mr. Voetsch either had hand his personal library soon 
acquired it. showed great initiative and excellent judgment the develop- 
ment principles governing the combined development the river and its 
tributaries. was untiring the preparation plans and the compu- 
tation the great mass data required for the survey. 
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all this work Mr. Voetsch proved himself man and engineer 
the highest type and patriot, serving his Government untiringly, loyally 
and the best his ability, often working overtime night, regardless 
his own personal affairs. 

account his excellent work the survey the Tennessee and 
Cumberland rivers, Mr. Voetsch was recommended for and assigned duty 
the construction the Madden Dam Panama. 

consider his death great loss the engineering profession and the 
Federal Government.” 


Hackett, Senior Engineer, Engineer Office, Nashville, writes: 


“The death Mr. Voetsch has elicited many expressions sincere regret 
and sorrow from those associated with him the Chattanooga and Nashville 
United States Engineer Offices, the loss one whom they regarded 
friend. They remember him one who was genial and ever willing 
co-operate and assist the solving any problem that might develop, 
whether related them personally their work.” 


Byron White, Am. E., the Syracuse (N. Y.) Lighting 
Company, Incorporated, formerly with the Utica (N. Y.) Gas and Elec- 
tric Company, writes: 


“We who worked with him daily for nine years knew him Carl. must 
say that the news his death came distinct shock those our 
organization who had long been associated with him. 

“Mr. Voetsch personified the traits patience, accuracy, extreme thorough- 
ness, common sense, tenacity and the rearing every structure and every 
upon solid foundations, building block block, testing each 
the square the fundamental truths, resulting finished, workmanlike 
structure. His was the mind scientist rather than executive; 
designer rather than the master men, materials, and circumstances, 
who rides roughshod over all difficulties the rough and tumble construc- 
tion and operation. 

“He was modest and unassuming, yet his convictions were strong and 
tenaciously held against all opposition. true scientist, was honest 
with himself and others and appeared take peculiar pleasure impart- 
ing knowledge others assisting them solution their problems.” 


George Orrok, Am. Soc. E., Consulting Engineer, New York, 
Y., writes: 


most sorry hear the death Mr. Charles Voetsch, whom 
knew very well the past. 

first became acquainted with Mr. Voetsch when was 
employed turbine company near Watertown, made for 
number good wheels which used the Dolgeville Plant the Utica 
Company. Shortly after, came the Utica Company and was regularly 
employed there until believe 1922. During this time, did quantity 
very good work for the Utica Company for which was Consulting Engi- 
neer, both the hydraulic line and mechanical and structural work cover- 
ing the building several hydro plants, steam station, sub-station and 
much other work. 

“Mr. Voetsch was very careful and conscientious and thoroughly competent, 
was always able take his end argument and present the facts logical 
order. knew his work with the Government where designer his 
capacity would appreciated.” 
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Randolph, Am. E., Construction Engineer, Madden Dam, 
Panama Canal, Balboa Heights, Canal Zone, writes: 


“It was shock hear Mr. Voetsch’s death. had grown well 
acquainted with him down here and also his wife and children that his pase- 
ing was very regrettable me. Personally, Mr. Voetsch impressed 
very bright and attractive personality, extremely clever engineer, con- 
genial friend, and fond parent his children.” 


1919, Mr. Voetsch was married, Brooklyn, Y., Aletha John- 
son, Utica, Mrs. Voetsch died Denver, February, 1932. 
died February 1935, St. Anthony’s Hospital, in, Denver, result 
septicemia following rheumatic arthritis and influenza. Two children, 
Ruth, and Robert Otto, whom was very devoted, survive him. 
also survived brother, Otto Voetsch, living Friedrichshafen, Germany. 

Mr. Voetsch was elected Member the American Society Civil 
Engineers November 27, 1917. 


GEORGE CLINTON WARD, Am. Soc. 


Diep 11, 1933 


George Clinton Ward was born White Plains, Y., January 
1863, the son James and Elizabeth (Ennis) Ward. early age 
removed Boonville, Oneida County, New York. attended the public 
school that town, and when only seventeen, taught rural school 
help defray his expenses Phillips Academy, Andover, Mass., where 
studied engineering for two years, graduating the Class 1882. His first 
position, the summer 1882, was with the Mohawk Division the West 
Shore Railroad, later part the New York Central System. 

During the three years following, Mr. Ward was engaged the construc- 
tion iron bridges the northern part the State, among which was the 
lift bridge, Utica, Y., the first known its kind. 

1886, was made Engineer Location and Construction 
the Carthage and Adirondack Railroad. filled the office Supervisor 
Oneida County for two terms—in 1886 and 1887. During the latter year, 
was Assistant Engineer the Susquehanna Division the Erie Rail- 
road, and the succeeding years conducted the preliminary surveys 
various roads, all later incorporated the New York Central Lines. 

From 1890 until 1892, Mr. Ward was engaged the construction the 
Mohawk and Malone Railway, and from 1895 1897 served Superintendent 
the Black River Canal. 1897, became Assistant Engineer for the New 
York State Canals, resigning therefrom accept position with the Furnace- 
ville Iron Company, and took his residence Utica, where lived 
until 1902. 1898, occurred the final construction the Mohawk and 
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Malone Railway through the Adirondack Mountains Racquette Lake. 
this road Mr. Ward had complete control until the death Collis Potter 
Huntington, Am. Soc. E., August, 1899, when was leased the 
New York Central Railroad Company. 

During the years following, Mr. Ward constructed the Glenfield and 
Western Railroad, New York State, and, 1902, went Washington 
Court House, Ohio, the instigation Henry Edwards Huntington, the 
nephew the late Collis Huntington. Mr. Huntington owned the water 
supply system Washington Court House which the time Mr. Ward’s 
association with had never produced sufficient supply water serve 
the needs the community. developed new wells and left the plant 
much improved condition when came California the spring 1905, 
the request Mr. Huntington. 

Los Angeles, was associated with the Huntington interests for many 
years, first Assistant General Manager, later General Manager the 
Huntington Land and Improvement Company and the various subsidiary 
companies, developing water properties, and laying out subdivisions, addi- 
tion his managerial duties. 

One the most ambitious Mr. Huntington’s ventures was the Pacific 
Light and Power Corporation, which Mr. Ward was elected Vice-President 
1911. was this Company which made the original hydro-electric develop- 
ment the Big Creek Region northeast Fresno, Calif. 1917, the 
Light and Power Corporation and the Southern California Edison 
Company were consolidated, bringing the partly completed Big Creek project 
into the new ownership and also bringing the staff Mr. Ward and many 
his associates. This great engineering project carried over period 
years was finally completed 1928, and attracted widespread attention every- 
where the United States because its magnificent proportions and com- 
pleteness development. During the construction the Big Creek project, 
miles railroad were built through the mountains about miles north- 
east Fresno, for the purpose hauling construction material and men, 
and huge camps were operated for the thousands employees. Dams, 
tunnels, power houses, and transmission lines were built. Something 
excess 500000 was thus developed for use Central and Southern 
California. 

During this period Mr. Ward was Vice-President Charge Engineer- 
ing and Construction the Southern California Edison Company and this 
great project was carried completion him. the fall 1931, 
became Senior Vice-President the Company, and upon the death Mr. 
Russell Ballard August, 1932, became its President, which capacity 
served until his death. 

provide supplementary source power meet possible emergencies 
caused adverse weather conditions, the Edison Company carried the 
program steam-plant construction under Mr. Ward’s direction. The site 
these supplementary plants near Long Beach, Calif., where there 
abundance cooling access fuels, and short transmission 
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distance the principal areas where electricity sold. This steam-plant 
program culminated with the erection two highly efficient units with 
combined capacity 268095 hp. Mr. Ward’s insistence upon the highest 
known type construction these plants was justified their performance 
during the earthquake March, 1933, when they maintained their service 
with only slight interruption. 

Mr. Ward’s work was recognized the Western Division the United 
States Chamber Commerce its meeting Seattle, Wash., Decem- 
ber 1925. that time commemorating the completion the Florence 
Lake Tunnel, the Chamber Commerce presented him with large bronze 
medallion mounted granite block taken from the excavation that 
tunnel. making the presentation Vice-President Shoup the Chamber 
Commerce paid tribute the engineering genius Mr. Ward and his asso- 
ciates and declared that their achievement was distinct contribution the 
welfare and prosperity the nation. The medallion centered with 
bas-relief Mr. Ward with this significant phrase, “By their works shall 
know them.” 

Mr. Ward received the Honorary Degree Doctor Engineering from 
the University Southern California, Los Angeles, June 
“in recognition distinguished achievement the field applied 

Dr. Ward had conferred him the further Honorary Degree Doctor 
Science Oberlin College, Oberlin, Ohio, 1928. presenting Dr. Ward 
the ceremonies Dr. Taylor, Oberlin, said him: 


“He responsible for the engineering aspects what has been termed 
the greatest conservation project history. The construction huge water 
reservoirs altitude more than mile; the installation great sys- 
tem dams, conduits, tunnels, and power stations; the provision irrigation 
facilities for hundreds square miles, and power supply for millions 
population; the design and development the most economical system 
power distribution known the engineering world; such accomplishments 
require scholarly attainment technical fields, combined with wise and far- 
seeing administration.” 


Posthumously, Dr. Ward has been further honored. The Southern Cali- 
fornia Edison Company, Limited, caused his name used permanent 
designation the tunnel between two its major reservoirs. This tunnel 
connects Florence Lake Reservoir with Huntington Lake Reservoir part 
the Big Creek project. miles length, altitude 000 ft, 
and was constructed through the granite the Sierras cost $17 000 000. 
During construction days was called the Florence Tunnel, but now 
known the Ward Tunnel, name which has been confirmed 
the Division Geographic Names the United States Department the 
Interior. Looking down upon the intake the Ward Tunnel the Florence 
Lake Reservoir massive pile which appears upon the maps unnamed 
mountain. includes three peaks altitudes 395, 500, and 800 ft, 
respectively, above sea level. This mountain has been named Ward Moun- 
tain, also action the Division Geographic Names. 


the minute book the office the President the University 
California. 
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Dr. Ward was married 1886 Katherine Schweinsberg, Boon- 
ville, Mrs. Ward and their daughter, Mrs. Louise (Ward) Watkins, 
survive him. 

had many interesting hobbies, among them the collection rare books 
and manuscripts and relics the Indians the Southwest. was 
member several organizations, including the California, the Jonathan, 
the Sunset, and the Zamorana Clubs; and was Knight Templar and 
Thirty-Second Degree Mason. was Associate Member the Board 
Trustees the California Institute Technology, and contributor the 
philanthropic and organizations Southern California. 

Dr. Ward was elected Member the American Society Civil Engi- 
neers, February 10, 1930. 


CHARLES ALFRED WILSON, Am. Soc. 


June 1935 


Charles Alfred Wilson was born Conowingo, Md., April 1855, 
the son John Howard and Anna Catherine (Cheyney) Wilson. 

Charles Alfred Wilson entered railway service 1869 the age 
and during his entire professional career was engaged railroad engineering. 


High School education, West Chester, Pa., supplemented technical 
training obtained while working with his father, who was practising sur- 
veyor and civil engineer, fitted him for his early start Flagman with 
the Engineer Corps the Philadelphia and Reading Railroad Company. 

those early days, railroad engineering meant mostly railroad construc- 
tion, and positions Rodman construction, with the Pennsylvania and 
Delaware Railroad and the Atlantic and Great Western Railway 
Company, and Resident Engineer, with the South Mountain and Boston 
Railroad Company, brought him February, 1875. 

From that time until 1878, Mr. Wilson served Engineer and Road- 
master, with the Philadelphia, Newtown, and New York Railroad Company, 
and Engineer Surveys, with the Atlantic and Lake Erie Railroad Com- 
pany. Also, within that period, 1876, served the Bureau Awards, 
for the United States Centennial Commission, Philadelphia, Pa. 

During 1879 and 1880 was Resident Engineer the construction 
the Ohio and West Virginia Railway, which was the Ohio River Division 
the Columbus, Hocking Valley, and Toledo Railway, later part the 
Chesapeake and Ohio Railway. 

Mr. Wilson’s long service with the Wheeling and Lake Erie Railway Com- 
pany began 1881 with the duties Principal Assistant Engineer 
Construction. 1883, was made Chief Engineer, the age 28, 
and continued that position until January 1896. addition, held 
the title General Superintendent from March, 1893, September, 1895. 


*Memoir prepared Selby, Jun. Am. Soc. 


= 
: 


1668 MEMOIR CHARLES ALFRED WILSON 


January 1896, Mr. Wilson entered the service the Cincinnati, 
Hamilton, and Dayton Railway Company Chief Engineer and Assistant 
the President. The title was dropped eight years later, but 
continued Chief Engineer until displaced reason change 
management 1909. 

1909, Mr. Wilson opened office Cincinnati, Ohio, Consulting 
Engineer and Railway Expert. accepted retainers Special Consult- 
ing Engineer for the Erie Railroad Company and the Chesapeake and Ohio 
Railway Company, and conducted investigations and made reports the 
valuation and other features properties for number Eastern railroad 
companies. His principal activities, however, beginning 1912, were 
studies for the improvement passenger and freight terminal facilities 
Cincinnati, resulting the completion, 1933, the magnificent passenger 
station and other facilities the Cincinnati Union Terminal Company. 
Until the formation that Company for the purpose building the new 
terminal 1927, Mr. Wilson was employed Consulting Engineer for vari- 
ous Committees Engineers the seven railroads entering Cincinnati, 
engaged making studies the various aspects the terminal problem 
related both passenger and freight service. 

The Board Directors the Cincinnati Union Terminal Company 
appointed him Consulting Engineer the Chief Engineer November 
1927. continued that capacity during the construction period, until 
May, 1933, after which retained nominal connection Consulting 
Engineer, until his death. 

this point seems fitting describe briefly Mr. Wilson’s technical 
society activities. was frequent the Annual Meetings 
and Annual Conventions the Society, was active member the Local 
Section, Cincinnati, Ohio, and, other ways, showed his interest the 
Society and its affairs. 

was one the promoters and Charter Member the American 
Railway Engineering Association. was proud his record having 
attended every Annual Convention that Association. the meeting 
March, 1935, was cited for that record and for his part the inception 
what has come one the outstanding organizations railway men. 

his remarks response that citation, Mr. Wilson disclosed the his- 
tory the formation the Association and the reasons that actuated him 
promoting it. said that his relations with the officers the Motive 
Power and Car Departments the railroad companies which 
sented the Engineering and Maintenance-of-Way Department, found him- 
self disadvantage because those men belonged their respective associa- 
tions master mechanics and master car builders, and those organizations 
had standards and rules practice, whereas there was nothing like that for 
maintenance-of-way engineers. 

This state affairs led him discuss with others the formation 
association engineers engaged railway maintenance. meeting 
Chicago, was called for that purpose 1898, which Mr. Wilson nom- 
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inated the Chairman. The outcome was the formation, 1899, what 
now the American Railway Engineering Association. 

sociable habits and free conversational traits, Mr. Wilson 
nevertheless was modest the point shyness with respect himself. 
discussed men and things and policies, but not his personal affairs. Several 
his friends who were close business relations with him for years have 
been able recall for the writer this memoir only few incidents 
anecdotes relating his personal life. 

was man sterling character and simple habits, with the highest 
ideals duty his employers and society. Holding strong convictions 
many subjects, discussed them freely, but never was known show 
vindictiveness toward any one who held other views. resided for many 
years Wyoming, suburb Cincinnati, where was active social 
and civic affairs and formed many friendly relations. addition his 
technical society memberships previously described, was member 
the Wyoming Golf Club and the Cincinnati Torch Club. 

was married Carree Ione Stevens November 21, 1883. Two 
sons, Cheyney Stevens and Hamilton, were born this union. Mrs. Wilson 
died October 21, 1919. survived Mrs. Edna Sutherland 
Wilson, whom married September 20, 1929, and his two sons. 

Mr. Wilson was elected Member the American Society Civil 
Engineers April 1891. 


HENRY FELIX WILSON, Am. Soc. E.* 


Diep Marcu 1935 


Henry Felix Wilson was born Mobile, Ala., October 31, 1867, the 
son Henry Felix Wilson, Sr., and Virginia (Clark) Wilson. received 
his preparatory education private schools, and then entered the University 
Alabama, Tuscaloosa, Ala., from which was graduated 1886 
the degree Bachelor Engineering. 

Immediately after his graduation from college, Mr. Wilson was employed 
from July, 1886, March, 1888, Assistant Engineer and Draftsman with 
the late Arthur Owen Wilson, Am. Soc. E., Birmingham, Ala. 
such, was engaged general engineering practice, the location and 
construction railroads, municipal engineering, land and topographical sur- 
veys, foundations, etc. 

Mr. Wilson then entered the railroad field Assistant Engineer and 
Draftsman with the Georgia Pacific Railroad Company (later, part the 
Southern Railway System). From May December, 1888, served 
Assistant Engineer the construction the Yazoo River Crossing Missis- 
sippi, which bridge consisted one 300-ft draw-span, two 100-ft approach 


prepared from information supplied the family and file the Head- 
quarters the Society. 
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spans, about 1000 lin pile trestle approaches and also miles grad- 
ing. the completion the bridge, Mr. Wilson was transferred the 
Superintendent’s Office, Greenville, Miss. 

From January March, 1889, was Assistant Engineer charge 
heavy construction the Huntsville and Monte Sano Railway; and from 
April December the same year, was Assistant Engineer and Drafts- 
man the construction the Briarfield, Blocton, and Birmingham Railroad 
(later, part the Southern Railway System). this position, Mr. Wilson 
made designs and drawings for wooden Howe trusses, checked estimates, 

Engineer for the Montevallo Coal and Transportation Company from 
January April, 1890, made surveys and mapped the Company’s lands, 
located coal seams, etc. then returned the Briarfield, Blocton, and 
Birmingham Railroad Company and was engaged making trial right-of-way 
maps, the Chief Engineer’s Office, Birmingham. From October 
December that year, Mr. Wilson served Engineer for the Woodward 
Iron Company, with headquarters Woodward, Ala. this capacity 
surveyed and mapped the Company’s property, and also did some railroad 
location and construction. 

January, 1891, Mr. Wilson opened office Birmingham and engaged 
private practice there until April, 1892, general engineering. From 
May, 1892, September, 1896, served with Worthington and Com- 
pany, Birmingham. This firm was the contractors iron ores 
and limestone for furnace fluxing the District, and Mr. Wilson was engaged 
construction, such railroads, hydraulic pumps, 

then returned railroad work and from October December, 1896, 
served Resident Engineer heavy construction for the Mobile, Jack- 
son, and Kansas City Railroad Company Mobile County, Alabama, with 
headquarters Mobile. 1897, Mr. Wilson went the Southwest and 
was engaged Chief Engineer the Raton Coal and Coke Company, 
Raton, Mex. this capacity, designed and constructed railroads, coke 
ovens, power houses, etc., well opening mines and equipping them 
with electricity. 

Still the Southwest, Mr. Wilson spent the year 1898 Draftsman and 
Computer with the International (Water) Boundary Commission between 
the United States and Mexico. made large maps surveys the Rio 
Grande, checked the notes the surveys preparatory etc. 
ing the Government service, was employed from January May, 1899, 
Assistant Engineer the construction the Paso and Northeastern 
Railroad, with headquarters Alamogordo, Mex. also was engaged 
the construction mountain timber road. 

Returning Birmingham, Ala., Mr. Wilson was employed from June 
September, 1899, Assistant Engineer and Draftsman with the Southern 
Bridge Company. also had charge all contract lettings for the Com- 
pany the South from Virginia Texas. 

October, 1899, again entered private practice, with office 
Birmingham, until December, 1908. During this time was engaged 
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railroad location and construction; coal and iron ore mining; timber and 
concrete construction; tests and reports; served boards arbitration, 
expert witness Courts railroad cases, Mr. Wilson represented the 
Pittsburgh Testing Laboratory, Pittsburgh, Pa., the Birmingham Dis- 
trict for several years; also made tests creosoted timber for the New 
York State Barge Canal, etc. 

1909, closed his office Birmingham, and went Goldfield, 
during the gold strike there. 1910, however, returned Alabama and 
was employed Assistant Engineer charge timber railroad construc- 
tion Middle Alabama for the Louisville and Nashville Railroad Company. 
During 1911, and the first three months 1912, the South was the grip 
industrial depression, and Mr. Wilson employed for only three 
months Engineer charge railroad location from Memphis, Tenn., 
toward Pensacola, Fla. 

April, 1912, went Cuba and until June that year served 
Assistant Engineer with the Guantanamo and Western Railroad Company, 
with headquarters Guantanamo. had been engaged superintend the 
reconstruction the entire road, but the Revolution 1912 stopped all 
work and the engineering force was laid off. 

Mr. Wilson was employed Assistant Engineer with the Cuban Central 
Railways, Limited, Sagua Grande, Cuba, from July, 1912, June 
1914. had charge the location and construction various lines, 
deep-water harbor improvements Cuba, including docks, 
terminals, water-works, 

then returned the United States and again entered the service 
the Southern Railway Company. Among other works, had charge the 
construction the Freight Terminal, Mobile. 1917 and 1918, was 
again Cuba, for eight months, Engineer Bridges and Buildings 
the Cuban Central Railways Company, Limited, and from June October, 
1918, special surveys with the Spanish-American Iron Company, 
Felton, Cuba. 

From November, 1918, December, 1919, Mr. Wilson was employed 
design and construction for the Pratt Consolidated Coal Company Birm- 
ingham. then entered the service the Alabama State Highway Depart- 
ment and for six months 1920 was engaged field surveys and 
charge the Drafting Office. 

April, 1921, went Central America and served construction and 
operation with the Cuyamel Fruit Company, Spanish Honduras. 1922, 
again returned Birmingham and entered the employ Martin Lide, 
Consulting Engineer. retained this position until September that 
and was engaged drafting, designing, and construction work. From 
October, 1922, July, 1923, Mr. Wilson was with the engineering firm 
Black, McKinney, and Stewart, Washington, C., Chief Draftsman 
and Chief Engineer Construction. 

1924, entered the employ the Tennessee Coal and Iron Company, 
Draftsman, and remained with this Company until 1933. From that time 
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until his death was Engineer for the Federal Government work 
for the Civil Works Administration and the Federal Emergency Relief 
Administration. 

was member the Birmingham Engineers Club, the Kappa Alpha 
Fraternity, and the Presbyterian Church. 

December 23, 1890, Mr. Wilson was married Corinné Estelle Harris 
and survived his widow, and son, Harry Wilson, Little Rock, Ark. 

Addressing the Editor The News, Mr. Crow, Birmingham, 
college classmate, fraternity brother, and long-time neighbor, writes 
Mr. Wilson, follows: 


the death Henry Wilson recently, Birmingham has lost another 
its pioneer builders.” 
* * * * * * * 
confident that Mr. Wilson’s business associates and other college 
friends would join testifying his professional integrity, and his con- 
scientious and efficient services for his city and country.” 


Mr. Wilson was elected Associate Member the American Society 
Civil Engineers April 1902, and Member May 1905. 


JACKSON FRANKLIN WITT, Am. Soc. E.* 


Diep 1935 


Jackson Franklin Witt was born Dallas, Tex., November 1869, 
the son John and Nannie (Johnson) Witt. His early education was 
received the grade schools East Dallas. 

Through necessity, Mr. Witt left school when was twelve years age 
and began work Chainman with railroad location party. After this 
first job, spent three years home attending the public schools. When 
was sixteen years old was employed Chainman Federal 
Government work. 

1886, Mr. Witt was with the Gulf, Colorado, and Santa Railroad 
Company, Rodman and then Levelman. was with the St. Louis and 
Southwestern Railroad Company Transitman 1887, and, 1888, 
served Transitman railroad location from Lampasas, Llano, Tex. 
1889, was Transitman location survey for the Dallas and North- 
western Railway. 

After completing the survey for the Dallas and Northwestern Railway, 
1889, Mr. Witt was employed City Engineer for East Dallas, Tex. Late 
1890, when was years age, opened office, and engaged 
engineering and surveying. maintained this office until 1905, when 
became Assistant the County Engineer Dallas County Texas. During 
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the time was Assistant County Engineer Mr. Witt assisted the first 
program constructing hard-surfaced roads Dallas County. This was 
one the first programs its kind Texas. 

1907, was appointed County Engineer Dallas County, which posi- 
tion held until 1919. was while was County Engineer, 1911 and 
1912, that the old Oak Cliff Viaduct was designed and constructed. This via- 
duct, one mile long, composed 80-ft concrete arches, pile foundations, 
and with clear roadway ft, was outstanding that time. Several 
other large bridges were constructed, and many miles surfaced roads were 
built. County Engineer, Mr. Witt was pioneer introducing asphalt 
surfacing for highways Texas. 

During the World War, served the Government member the 
Highway Transport Board, per yr. 1919, Mr. Witt became member 
the Nagle, Witt, Rollins Engineering Company, which Company operated 
from 1919 1928. During this time managed the affairs the Company 
and had personal supervision construction amounting value more than 
$10 000 000. 

From 1928, until his death, Mr. Witt remained active private practice 
the engineering and construction field. His experience Consulting 
Engineer was broad, including such projects toll bridges across the Rio 
Grande and the Red River; highway program for Hopkins County, Texas; 
laying out and supervising the construction highway plan for Dallas 
County, Texas; and highway plans for Potter and Stephens Counties, Texas. 

His life, indicated this record, was continuous struggle, the oppor- 
tunity for training having been denied him. His success engineer was 
due his courage and indomitable will. 

Mr. Witt’s ability make new friends and retain his old ones, his 
constant desire serve these friends and his willingness participate unsel- 
fishly civic affairs brought him wide recognition friend and citizen. 
was member the Presbyterian Church. 

was married December 1889, Lucia Matella Lagow. 
survived Mrs. Witt and daughter, Mrs. Elsie Eria Clark. 

Mr. Witt was elected Associate Member the American Society 
Civil Engineers October 31, 1911, and Member September 21, 1915. 
During his active engineering career, served for number years 
Secretary and Treasurer the Texas Section the Society. 


GEORGE STEVENSON YATES, Am. Soc. E.* 


Diep 1935 


George Stevenson Yates, the son James and Elizabeth (Stevenson) 
Yates, was born Leith, Scotland, November 11, 1875. After his prepara- 
tory education, entered Edinburgh University, where studied 
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engineering for three years, and was Assistant Demonstrator Engi- 
neering Laboratory for two years. 

His first important appointment was with the Caledonian Railway Com- 
pany, Glasgow, Scotland (later part the London, Midland, and Scottish 
Railway Company). Under the late Sir Donald Mathieson—then Chief Engi- 
neer but afterward General Manager the Company—Mr. Yates took part 
the rebuilding the Central Station, Glasgow. 

1903, transferred the Engineering Staff Dorman, Long and 
Company, Limited, Middlesbrough, England, Designer and Estimator. 
After serving with this firm for four years Mr. Yates received appoint- 
ment Chief Engineer and Draftsman the works Redpath, Brown and 
Company, Greenwich, England. Late 1918, opened Branch Office 
for the firm Brussels take part the reconstruction the war 
Belgium. From Brussels, was transferred, 1920, the works the 
Skinningrove Iron Company, Limited, Yorkshire, which Redpath, Brown 
and Company had acquired financial interest. Skinningrove, Mr. Yates 
was charge the Materials Yard and had control the distribution 
materials the various branches Redpath, Brown and Company through- 
out Great Britain. the termination the arrangement with the Skinnin- 
grove Iron Company, Redpath, Brown and Company entered into financial 
arrangement with Bolckow, Vaughan and Company, Limited, Middles- 
brough. Here, again, Mr. Yates had control the Materials Yard and the 
distribution materials all the branches Redpath, Brown, and Company, 
well small construction plant. 

His next move, 1930, was back the Greenwich Works Redpath, 
Brown and Company where, following amalgamation between Dorman, 
Long and Company, Limited, and Redpath, Brown and Company, Limited, 
had charge new Department which the purchase and control tools 
and equipment for all branches Redpath, Brown and Company and 
Dorman, and Company, Great Britain, were centered. 

the time his death, Mr. Yates was member the Mechanical 
Industry Committee the British Engineering Standards Institution, 
dealing with derrick cranes. 

During the course his career, was responsible for the design and 
erection many important bridges, factories, office buildings, and clubs, one 
his latest designs being for the twelve-span floating bridge, Mombasa, 
Kenya Colony, British East Africa. fine mathematician, and had 
extensive knowledge French and English literature. 

generous and genial disposition, Mr. Yates had hosts friends, 
particularly London and the Northeast Coast England, and was 
highly esteemed all who knew him. His death was due angina pectoris, 
which succumbed after short illness. 

was married December 26, 1902, Margaret Stewart, Glasgow, 
and survived his widow, daughter, and sons, 

Mr. Yates was elected Member the American Society Civil 
Engineers May 12, 1919. 
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GEORGE WASHINGTON ARMITAGE, Assoc. Am. 


Diep 24, 1935 


George was born Chicago, February 22, 
1876, the son William and Delia Armitage. received his education 
the schools his native city, after which, 1896, removed 
New York, Y., where was employed Draftsman the Construction 
Division the Board Education. 

Two years later Mr. Armitage went the Yukon prospecting expedi- 
tion, and few months after his return, 1899, obtained position under 
the late General William Black, Army (Retired), Am. E., 
Civil Engineer Cuba during the First American Intervention. 
remained there until the end the intervention (May 20, 1902), and during 
that time took active part many construction projects. Upon his return 
the United States, obtained position Civil Engineer and Super- 
intendent Construction the Quartermaster Corps the United States 
Army. served that capacity Chickamauga Park, Georgia, Fort 
Lincoln, North Dakata, and other posts. 

1907, the beginning the Second American Intervention Cuba, 
his services were especially requested the Cuban Government. Accord- 
ingly, was granted leave absence the War Department and became 
Chief the Department Civil Construction Cuba. remained 
that post throughout the Second Intervention and its close, 1908, 
returned the United States and resumed his duties with the War 
Department. 

1909 Mr. Armitage was one the engineers charged with supervising 
the construction the Army piers Fort Mason, San Francisco, Calif. 
the latter part 1912, was ordered Schofield Barracks, Hawaiian 
Islands, Superintendent Charge Construction. also planned and 
supervised the construction Fort Kamehameha. 

After war was declared the United States against Germany, accepted, 
October, 1917, commission Captain the Quartermaster Corps 
the National Army, and the spring 1918 was ordered the Port 
Embarkation, Hoboken, During that year was promoted the 
rank Major. 1920, was commissioned Captain the Regular Army. 
From 1920 1924, was Construction Officer for the Second Corps Area, 
with headquarters Governor’s Island, New York. His next station was 
Washington, C., where remained until 1927. During part his tour 
duty there was member the General Staff and did valuable work 
connection with the Housing Program the Army. 

1928 Captain Armitage was again sent the Hawaiian Islands and, 
after brief tour duty Utility Officer Fort Armstrong, was appointed 
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Constructing Quartermaster for the Hawaiian Department. While serving 
that capacity, his principal work was planning and supervising the con- 
struction Wheeler Field. That project was dear him, and the barracks 
and quarters there are considered models throughout the Army. 

1933, became Constructing Quartermaster for the Ninth Corps 
Area, with headquarters the Presidio San Francisco. addition his 
regular duties connection with construction, repair, and alteration the 
Area, Captain Armitage planned and supervised the erection about 600 
camps for the Civil Conservation Corps. 

April 24, 1935, passed away the Letterman General Hospital, 
Presidio San Francisco, following operation. was buried Arling- 
ton National Cemetery, Virginia, with full military honors. 

Captain Armitage leaves his widow, Marie Edna Smith, whom was 
married New York City, 1902, and son, George. also survived 
three sisters and brother: Theresa Armitage, Mrs. Richman, 
Mrs. Dom Zito, and William Armitage. 

Through his long and eventful career with the War Department, Captain 
Armitage earned the reputation being extremely able his profession. 
had the faculty getting things done despite all obstacles, and his deter- 
mination was one his outstanding characteristics. was regarded 
engineer marked ability and his loss the Service will indeed felt. 
leaves many monuments his memory throughout the United States, includ- 
ing many Army Posts, the two most notable which are Schofield Barracks 
and Wheeler Field, the Hawaiian Islands. 

Captain Armitage was elected Associate Member the American 
Society Civil Engineers April 1902. 


FRANK KARR ASHWORTH, Assoc. Am. Soc. 


Diep 24, 1935 


Frank Karr Ashworth was born September 11, 1885, Osceola, Iowa, 
the son Robert and Ada (Chapman) Ashworth. his mother’s side 
was descendant Peter Bulkeley, famous early Colonial history, and 
also the Chapman family, well known throughout New England. His 
paternal grandmother was member the Murray family prominent the 
establishment the Universalist Church the United States. His father 
was Civil Engineer, graduate the University Ohio, Athens, Ohio. 

1890, the family moved Colorado Springs, Colo., where for many 
years the father was City Engineer. this enviroment Frank Ashworth 
early took interest engineering work and when old enough spent his 
vacations learning the rudiments the profession. went through the 
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grades and High School Colorado Springs and distinguished himself 
mathematics. this time, also, became intensely interested music 
and determined perfect himself his chosen instrument, the piano. 
that end went the Bush Temple Conservatory Music, Chicago, IIL, 
the autumn 1904. His work there was outstanding and won 
scholarship. However, 1906, when was obliged choose between music 
and engineering his life work, the latter won although the former remained 
source great pleasure and inspiration throughout his life. 

Since university technical school training was not possible, Mr. 
Ashworth early formed the habit studying himself, habit which 
remained with him and which resulted his becoming highly educated and 
exceptionally well-read man. 

the beginning 1906, Mr. Ashworth entered the office the City 
Engineer Colorado Springs Transitman and 1908 was charge 
the design and construction many municipal improvements. 
remained Colorado Springs, gaining broad and valuable experience, until 
late 1911, when went San Diego, Calif., join the Staff the San 
Diego County Highway Commission and, later, the San Diego Securities 
Company, charge sub-division improvements. 

the early spring 1918, Mr. Ashworth went Florida join his 
father who had gone there take charge the development large 
project, and they opened office for private practice the City Miami. 
This partnership continued until the death the father 1916, after which 
Mr. Ashworth continued the business alone. the rapidly growing com- 
munity which Miami was the center, built large practice, inter- 
esting and diversified, including the design and construction drainage 
systems, roads, sea-walls, and various types municipal improvements. This 
general practice was interrupted January, 1917, when became Chief 
Engineer for the Chevalier Corporation and spent his entire time planning 
the development its holdings Southern Florida, amounting several 
thousands acres. planned drainage system and railroad tap 
the Great Cypress Swamp. 

This project was interrupted the World War. September 1918, 
Mr. Ashworth went Camp Humphreys, Virginia, where was 
commissioned First Lieutenant Engineers. his return civil life 
December, 1918, resumed his private practice Miami and specialized 
sub-division design and supérvision. that community this included 
drainage, sea-walls, and dredging, addition the municipal improve- 
ments. During the years Florida’s most rapid development, designed 
and supervised the work many the most beautiful sub-divisions 
Miami, including the famous Miami Shores, the plans for which included the 
expenditure more than 000 000. 

1930, Mr. Ashworth decided return the West and went Los 
Angeles, Calif. did some special work for that City the Park Depart- 
ment, and then became interested valuation engineering. was employed 
the Southern California Gas Company, the City San Diego, and, later, 
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the State Board Equalization, this capacity. April, 1935, was 
offered position with the State. Highway Commission, and was stationed 
Redding, Calif. serious attack bronchial pneumonia January had 
gravely affected his heart, however, and July 24, 1935, passed away 
his sleep. survived his widow, formerly Myrtle English, whom 
was married March 24, 1915, and one brother, Raymond Ashworth, 
Assoc. Am. Soc. E., Valuation Engineer for the Los Angeles Railway 
Company. 

Mr. Ashworth was Mason, and while Florida was member the 
Florida Engineering Society, the Florida Natural History Society, the Civi- 
tan Club, Miami City Club, and the Miami Section the Society. 

Although quiet and somewhat shy manner, Mr. Ashworth made many 
close friends, and had established enviable reputation for absolute 
integrity and loyalty both personal and business associations. His mental 
equipment was far beyond the average, and his fine spirit never faltered 
the face adversities, both material and physical, which would have 
conquered less courageous soul. 

Mr. Ashworth was elected Associate Member the American Society 
Civil Engineers June 18, 1919. 


THERON McCABE BROWN, Assoc. Am. Soe. 


1935 


Theron McCabe Brown was born Winfield, Kans., February 19, 1897, 
the son Lewis and Orlena (Walrath) Brown. His elementary education 
was obtained the public schools Winfield and Hutchinson, Kans., after 
which studied Lombard College, Galesburg, where specialized 
mathematics. 1917 enrolled the University Cincinnati, Cincin- 
nati, Ohio, where was student engineering until September, 1918, 
when entered the Army Training Corps the University. Like many 
college men this period, his studies were seriously interrupted the war 
Europe, but was able eventually complete his technical training 
through extension courses with the University Wisconsin, Madison, Wis. 

After the World War Mr. Brown was employed Rodman and Instru- 
mentman highway and drainage surveys under County Engineer 
Harris, Hutchinson. then became Secretary-Treasurer the South- 
western Engineering Company, Hutchinson, organized engage high- 
way and bridge engineering. December, 1920, Mr. Brown accepted the 
position Assistant Engineer Powell, County Engineer, Corpus 
Christi, Tex., where was engaged the design the Corpus Christi 
Causeway until the early part 1921. the completion this work 
returned private practice Hutchinson for about year. April, 1922, 
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was employed Designer and Construction Engineer the office 
Horner and Wyatt, Consulting Engineers, Kansas City, industrial develop- 
ment and reclamation projects, where remained until March, 1924. 

From April, 1924, November, 1927, Mr. Brown was Designer and Office 
Engineer for Nagle and Thompson, Consulting Engineers the City 
Dallas, Tex., the design and construction the Garza Reservoir, 
water-supply project, and one the largest municipal undertak- 
ings the Southwest, which positions filled with high credit. the 
completion this project, became Designing Engineer the Department 
Water Supply the City Dallas, which John Winder Super- 
intendent and Chief Engineer. this position, Mr. Brown was engaged, 
until April, 1930, the design and construction new municipal pumping 
plants, costing approximately $800 000. 

the completion his work with the City Dallas, Mr. Brown became 
associated with the Frank Parrott Construction Company, Dallas, 
Engineer and Construction Superintendent. This Company was then engaged 
the construction large viaduct across the Trinity River, Dallas, and 
several important grade separation structures Dallas County. Mr. Brown 
handled the field operations these structures successful completion, and 
they stand monuments his industry. 

From April, 1932, November, 1933, Mr. Brown was with the 
Engineering Staff the State Highway Department Dallas, special 
designs and construction important highway bridges. this time also 
inaugurated preliminary studies for the Department and the City Dallas 
the proposed Elm-Main-Commerce Street grade separation the Union 
Terminal Railway which now under total cost nearly 
He, doubt, would have been placed responsible charge 
this notable project, but while these studies were progress was drafted 
the Director Public Works Texas, the National Administration, 
supervise all Public Works Administration construction work the Dallas 
Area. was while engaged this work that suffered severe injuries 
automobile accident which caused his death week later, March 1935. 
Mr. Brown’s untimely death his prime was severe shock his many 
friends and associates, and most all his family. 

was married June 14, 1920, Pauline Lockhart, Dallas, who, 
with their daughter, Marie Adell, and son, Lewis, survives him. also 
survived his father and mother, and two sisters, Ruth Evelyn Brown, 
Hutchinson Kans., and Rhoda Brown, Los Angeles, Calif. 

was Mason and Shriner, and for many years had been active 
member the Episcopal Church, his home, was true 
husband and father. those who knew him, was most highly esteemed 
upright citizen, Christian gentleman, and thorough and competent 
engineer. was laid rest among the scenes his boyhood Hutchin- 
son, Kans. 

Mr. Brown was elected Associate Member the American Society 
Civil Engineers November 12, 1928. 
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GEORGE BUTLER, Assoc. Am. Soc. E.* 


Diep 16, 1935 


George Butler was born February 1864, Boston, Mass., the son 
Major George Butler, United States Marine Corps, and Alice (Kierulff) 
Butler. was educated the public and private schools the region, and 
St. Johnsborough Academy, Vermont. early youth suffered 
accident which interrupted his schooling, and the major part his 
engineering education was obtained constant home study and reading. 

1887, Mr. Butler moved Colorado Springs, Colo., where entered 
the City Engineer’s Office Draftsman and Instrumentman, later transfer- 
ring the County Surveyor’s Office Paso County, Colorado. 1888, 
entered the employ the Hartford Loan and Trust Company Computer 
and Draftsman irrigation projects and, 1889, became Assistant the 
Chief Engineer this Company. 

1890, Mr. Butler entered into private engineering practice and 
around Denver, Colo. 1891, joined the United States Indian Bureau, 
Department the Interior, under the late Walter Haden Graves, Am. 
E., Draftsman for the Superintendent Irrigation and Special 
Disbursing Agent. 1892, Mr. Butler was made Principal Assistant the 
Superintendent and placed charge the design wooden and masonry 
irrigation structures, the location canals, and immediate charge the 
construction irrigation works the Crowe and Navajo Indian Reservations. 
1895, was placed charge this work Superintendent Irrigation 
and Special Disbursing Agent. 

1899, Mr. Butler was appointed General Superintendent Irriga- 
tion with the Indian Bureau charge examining, reporting upon, design- 
ing, and constructing irrigation, water supply, sanitary, and other engineering 
works. This work took him the various Indian reservations Arizona, 
New Mexico, Colorado, Wyoming, Nevada, and California. 

1907, resigned from the Indian Bureau enter private engineering 
practice and around the City San Diego, Calif., and, this same year, 
was appointed the office County Surveyor the County San Diego. 

was during this period ability for re-organization and fore- 
sightedness stood him The use the automobile for trans- 
portation developed rapidly during these years, and the necessity designing 
and constructing roads meet this new method transportation became 
apparent, roads had relocated and widened, sharp curves and grades 
eliminated, and drainage facilities provided. This necessitated the mapping 
comprehensive plan road. development and the re-organization the 
office meet these demands. This general use automobile transportation 
also brought with the subdivision many outlying tracts land for sale, 
and Mr. Butler once realized that some regulations would have 
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placed upon the promiscuous sale lots the public; was due large 
part his efforts that County ordinances and State laws were passed requiring 
the subdivider meet certain regulations before his map could filed and 
was allowed sell the property. This regulation subdivisions later 
years led the formation County Planning Commission. assuming 
the functions County Highway Engineer and Planning Commissioner the 
once obscure office County Surveyor became one the most important 
departments the County and was handled very ably Mr. Butler. 

1923, again entered into private engineering practice, specializing 
the legal aspects land surveying, and was considered authority 
boundary disputes. 

hobby, Mr. Butler took photography and his pictures some 
the rugged scenery Arizona compare favorably with any professional work 
this nature. also took great interest the rites, ceremonies, and 
customs the American Indian with whom his work with the Indian Bureau 
brought him close contact, and possessed valuable collection Indian 
relics and handicraft. 

Mr. Butler was member the Masonic Order. was the first Presi- 
dent the San Diego Section the Society, and was during his régime 
that the licensing practicing engineers first came the front California. 
was not until 1929, however, that law was enacted the State 
California licensing the practice Civil Engineering the State. 

was married 1893 Bessie Wilstack, who survives him. was 
detail man, working from early boyhood under great physical handicap, 
patiently and well. The one who knew him best states that whatever the 
game, however the stress, always played fair and tried help the other 
fellow. 

Mr. Butler was elected Associate Member the American Society 
Civil Engineers September 1910. 


LEVI OSCAR COLEMAN, Assoc. Am. Soc. 


Diep 1935 


Levi Oscar Coleman was born Paradise, Ky., March 19, 1887, the 
son and Arvilla Coleman. After passing the usual Grammar and 
High School courses, entered the College Engineering the University 
Kentucky, Lexington, from which received the degree Bachelor 
Civil Engineering 1914. 

During the summer 1912, began his engineering career Rodman 
and Levelman for Mr. John Wilson, Hartford, Ky. His summer 
vacation was spent Resident Engineer five miles sanitary sewer 
constructed the City Madisonville, Ky. 
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After receiving his degree 1914, young Coleman went with the Delaware, 
Lackawanna, and Western Railway Company, Rodman and Inspector 
the construction its Buffalo, Y., Terminal. However, the salary offered 
the Railroad Company was not hold the and 
when August the same year better offer was received from the Inter- 
state Commerce Commission, was promptly accepted, and from that time 
until the entry the United States into the World War, Mr. Coleman worked 
out Chattanooga, Tenn., railroad valuation surveys. Starting Tape- 
man, had progressed through the grades Chainman and Rodman that 
Junior Engineer when war was declared. 

the outbreak the World War Mr. Coleman enlisted, and, course, 
was assigned the Engineers. From May August, 1917, was train- 
ing—first Fort Benjamin Harrison, Indiana, and then Fort Leavenworth, 
Kansas; and, August, was commissioned Second Lieutenant the 23d 
Engineers, and stationed Camp Meade, Maryland, where was engaged 
training engineer troops. February, 1918, sailed for France, and 
during the remainder the war—a period sixteen months—he served 
Roads Service Officer, building and repairing roads the zone the armies 
the American Expeditionary Forces. Most the roads were water- 
bound macadam, and Lieutenant Coleman’s work included the supervision 
the operation several quarries and stone crushers, about fifty trucks, several 
rollers, and from 100 350 men, including soldiers, labor troops, and prison- 

ers war. The commission First Lieutenant was received September, 
1918. took part the St. Mihiel Offensive, the Meuse-Argonne Offensive, 
and the activities the Toul Sector. 

Lieutenant Coleman returned the United States July, 1919, and after 
receiving his honorable discharge August, went with the Division 
Highways, and was stationed District with headquarters Peoria. 
Starting Resident Engineer, his summers were spent supervising 
grading and drainage projects, concrete paving, and railroad grade-crossing 
construction, and during the winters conducted surveys, made field and 
office locations, and designed reinforced concrete culverts. 

After time Resident Engineer, Mr. Coleman was made Construction 
Engineer District which called for the supervision the various Resi- 
dent Engineers. During one season, had more than 100 miles concrete 
pavement under construction. One the most interesting jobs that super- 
vised was the building miles “sea wall” protect pavements from 
being flooded the Illinois River. The winter months during this period 
were spent supervising the location parties operating the twelve counties 
the District. 

While with the Division Highways, Mr. Coleman began taking 
series Highway Short Courses for graduate engineers the University 
Illinois, Urbana, covering Highway Administration, Finance, and 
Economics. These courses were taken 1920, and each the years from 
1922 1926. 

His final position with the Division Highways was District 
Maintenance Engineer the Peoria District, directing the maintenance and 
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all account construction for additions and betterments several hundred 
miles all types highways. 

April, 1923, accepted offer from the Kuhn Construction 
Company, Bloomington, and for the next eighteen months was Con- 
struction Superintendent for that firm, charge grading, drainage, 
concrete pavement, and bridge construction projects, using industrial rail- 
way outfit for hauling the aggregate, tractor-drawn elevating graders, and 
pile-driving outfits. His duties included not only the supervision construc- 
tion, but the making bidding estimates, designing plant layouts, and the 
keeping cost-account records. 

This cost-accounting experience was put profitable use August, 1924, 
when became necessary leave the Construction Company due its 
failure obtain additional contracts, and accepted the position 
Assistant Highway Engineer charge the office the Division 
Highways, Springfield. this capacity, Mr. Coleman supervised about 
twenty employees, paying bills, and keeping cost-account data all mainte- 
nance and force account construction the State. Costs and methods 
the various Districts were compared order promote uniformity 
methods and reduction costs. While churge this office, installed 
the cost-accounting system now used, and designed many the devices 
employed collecting maintenance cost data. also collaborated the 
design and installation the maintenance cost-accounting system that was 
adopted later most the States the Mississippi Valley Highway 
Association. 

When was offered higher salary with the State Highway Department 
Kentucky, April, 1926, Mr. Coleman left return his native 
State Assistant District Engineer, Louisville. Here, was direct 
charge all work done contract the District, which, during the threa 
years held the position, amounted about The work included 
heavy grade and drainage projects, paving, and other types surfacing, and 
many concrete structures. Mr. Coleman’s duties included also the supervision 
surveys, the making contractors’ payment estimates, and the prepara- 
tion estimates preliminary requesting bids. While this position, 
supervised the construction miles napped, stone base, water-bound, 
macadam force account. 

January, 1929, Mr. Coleman left the Highway Department Kentucky 
accept more remunerative position Vice-President, and Stockholder, 
the Southeastern Construction Company, Eminence, Ky. Acting 
General Field Superintendent, his duties included the making bidding esti- 
mates, the purchase materials, and the superintendence cost accounting. 
1929 and 1930, the Company constructed about $1000000 projects, 
consisting miles heavy grade and drainage work, together with 
bridges. Four steam shovels, ten caterpillar tractors, four scraper outfits, 
steam pile-driving and one hundred horses and mules were utilized. 

Feeling that the equipment sales business had more possibilities than con- 
struction supervision, his interest the Southeastern Construction Company 
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was sold April, 1931, and Mr. Coleman went with the Roy Wayne Supply 
Company, Louisville, selling contractors’ equipment Kentucky. 
ever, the depression caused such severe curtailment contractors’ equip- 
ment purchases that commissions soon dropped below running expenses and 
shortly after the first 1932, the sales position was abandoned. 

July, 1932, Mr. Coleman returned the Kentucky Highway Depart- 
ment, Superintendent force account construction, charge the 
building oiled roads and the construction heavy grade and drainage 
projects. remained with the Highway Department until April, 1935, 
when left road building return the life that had loved—that the 
Army. had received the commission Captain the Reserve Corps 
Engineers April 12, 1929, and April, 1935, was offered the oppor- 
tunity going into active service charge camp the Civilian Con- 
servation Corps which accepted. was sent Fort Knox for preliminary 
training, preparatory taking charge camp, and then Camp Benton, 
Kentucky. was there until June 1935, when received order 
discharge because physical disability. underwent operation and 
was well his way recovery the Jewish Hospital, Louisville, when, 
July died suddenly blood clot the heart. 

Captain Coleman had high reputation his profession, being known 
not only very careful, but also successful, engineer. was 
cially nroficient work requiring high fills and one his last jobs was 
the supervision the construction section concrete road the Dixie 
Highway entering Louisville from the south, which was especially difficult 
because the great never avoided responsibility and was well liked 
his associates, having very pleasing personality. 

was deeply interested Army affairs from the time his war service, 
and was very active the Reserve Corps, which was Captain the 
880th Engineer General Service Regiment. often drove many miles 
attend the Training School the Regiment. 

was married Owensboro, Ky., May 29, 1920, Eddith Duke. 
survived Mrs. Coleman, son, Bruce Sutton Coleman, daughter, Anne 
Coleman, three brothers, and three sisters. was buried Owensboro, Ky. 

Captain Coleman was elected Associate Member the American 
Society Civil Engineers October 15, 1923. 


HENRY LEO CONNELL, Assoc. Am. Soc. 


25, 1935 


Henry Leo Connell was born New York, Y., December 18, 1879, 
the son Hugh and Ellen (Spence) Connell, and throughout his lifetime 
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was identified with New York City. was educated its schools, and 
obtained his scientific education that efficient school—Cooper Union. 

Mr. Connell entered the service New York City 1900 which service 
continued until his death, except for period when was business for 
himself Contractor. 

Entering the City service Axeman, Mr. Connell served Axeman, 
Rodman, Leveler, Transitman, and Section Engineer subway construction 
for the Rapid Transit Commission and with the Bridge Department. When 
the Board Water Supply undertook the task bringing Catskill water 
New York City 1905, Mr. Connell was placed charge the surveying 
the Esopus and Rondout water-sheds, for which work was well fitted 
experience and physique, having been notable oarsman his youth. Later, 
was charge the construction part the Ashokan Dam and also 
part the Catskill Aqueduct New York City. 

Ambitious have independent business, Mr. Connell, 1917, organized 
contracting firm under the name The Tunnel Construction Corporation. 
This Corporation was active for fifteen years and constructed many important 
works, among which were foundations for the great “Skyway” across the New 
Jersey meadows, sewage treatment works for the Cities Lynn, Mass.; and 
Lakewood, Ridgefield, and Teaneck, was President the Corpora- 
tion within few years his death. 

1928, Mayor Hylan, anxious secure engineer whose integrity 
could not questioned, induced Mr. Connell accept the appointment 
Engineer Member the Board Standards and Appeals. This Mr. Connell 
accepted public duty, although took great deal time from his own 
business. The Board Standards and Appeals was most important body, 
having the power review decisions the Building Superintendents, 
interpretations the Zoning Laws, Building Code, ete. this was 
period intense building activity, great pressure for favorable decisions was 
brought bear upon the members the Board. Mr. Connell manfully 
accepted his responsibility and mastered the complicated provisions the 
Building Code and practices New York City. When length charges 
were brought against the Board—which were never legally substantiated— 
suspicions were directed toward Mr. Connell, and was made Acting 
Chairman the Board, serving this difficult position and the difficult 
time 1930 1932, with honor. spite his ill-health, Mr. Connell was 
active the end his life. 

was married Geneveve Martinez, October 18, 1915, who, with 
two sisters, Katherine Connell and Louise Connell, and one brother, 
Jasper Spence Connell, Am. E., survives him. 

Leo Connell well typified his life’s work large number engineers 
who devote lifetime the service great cities, bearing their burdens, 
expecting little reward except the satisfaction service well done. 

Mr. Connell was elected Associate Member the American Society 
Civil Engineers January 1910. 
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ERNEST HARRY CORNELIUS, Assoc. Am. Soc. 


Diep May 1934 


Ernest Harry Cornelius, the son Harry and Georgia Cornelius, 
was born Hastings, Nebr., October 28, 1890. attended the public 
schools his native town and was graduated from the High School 1907. 
then entered Northwestern University, Evanston, but due 
injury received the result fall during his Junior year, was obliged 
leave school. After residence approximately eighteen months 
California, order regain his health, Mr. Cornelius returned his home 
Nebraska and entered the State University, Lincoln, from which was 
graduated 1913, with the degree Bachelor Science. 

From September, 1913, January, 1914, Mr. Cornelius acted Salesman 
and Representative the Jacques Steel Company, Northern Texas. 
January, 1914, went Kansas City, Mo., where had charge the 
appraisal the building the Kansas Light and Power Company made for 
the Armour Interests Chicago, 

the completion this work May, 1914, Mr. Cornelius entered the 
employ the Metropolitan Street Railway Company, Kansas City, 
Inspecting Engineer. such, was engaged the construction new 
trackage, building and car designs, etc., until April, 1916. From that time 
until November the same year served Assistant the Bridge Engi- 
neer the Kansas City Southern Railway Company. 

November, 1916, Mr. Cornelius removed Tulsa, Okla., where 
became associated with the Oklahoma Structural Steel Company, first 
Contracting Engineer charge sales, etc., and, later, Chief Engineer 
and Sales Manager. January, 1918, entered private practice Con- 
sulting Engineer, with headquarters Tulsa. was engaged chiefly 
the construction steel buildings the oil fields, incorporating 1919, 
the Industrial Construction Company. 

1921, Mr. Cornelius founded the Oklahoma Steel Castings Company 
which, however, did not become active until 1922. Although Mr. Cornelius 
had many other interests, devoted his time and energies President 
this Company. Due his untiring efforts the Oklahoma Steel Castings 
Company now classed one the important foundries its kind, 
covering practically all trade steel castings the southwestern part 
the United States; also nationally known. 

Mr. Cornelius was active the various Masonic bodies his city and 
State, Past-President the Rotary Club Tulsa, and member, 
and Chairman the Financial Committee, the Boston Avenue Methodist 


Episcopal Church. was also member the Board Trustees Tulsa 
University. 


prepared from information supplied Burtner Pres., Oklahoma 
Steel Castings Co., Tulsa, Okla., and from data file the Headquarters the Society. 


Ww 
0 
I 
I 


MEMOIR CHARLES WESLEY ERISMAN 1687 


was greatly interested civic affairs and the development industry 
within Oklahoma. was Past-President and also Director for years 
the Associated Industries Oklahoma; Director the Chamber 
Commerce; and was always active the Tulsa Community Fund, and other 
charitable organizations the city. Previous his last illness, Mr. Cor- 
nelius had been appointed the National Code Commission for the Steel 
Castings Industry. 

His social clubs included the Tulsa Club, the Tulsa Country Club, and 
the Sigma Fraternity. was also member the American Society 
Mechanical Engineers. 

Mr. Cornelius was greatly interested aviation and, addition his 
many activities, found time take flying first hobby and, later, 
means business transportation. 

was ardent lover Nature and his fellow men, and one ever 
came him for aid and was turned away. His associates business and 
his employees knew him the kindest and most considerate employers, 
always ready listen their troubles, advise them, and help every man- 
ner possible. During the depression although could have saved consider- 
able money closing down his plant, kept operation, with the char- 
acteristic statement, “because the hundred families dependent for 
living. cannot forget our responsibility those who are less 
fortunate.” 

Mr. Cornelius died Cleveland, Ohio, May 1934, from complica- 
tions following operation, and was buried Rose Hill Cemetery, Tulsa. 

was married October 17, 1914, Virginia Moseley, Lincoln, 
Nebr. Mrs. Cornelius died survived three children, 
Virginia, Marjorie Ann, and Ernest Cornelius, Jr. 

Mr. Cornelius was elected Associate Member the American Society 
Civil Engineers July 11, 1921. 


CHARLES WESLEY ERISMAN, Assoc. Soc. 


Diep 15, 1934 


Charles Wesley Erisman was born Lancaster, Pa., October 31, 1887, 
son Clement and Salome (Kleckner) Erisman. His father was suc- 
cessful contractor and builder the vicinity Lancaster for many years. 

Mr. Erisman received his education the public schools Lancaster 
and was graduated from the High School. His engineering knowledge 
acquired home study and through association and experience with engineers 
and engineering construction, having worked his way from the position 
Rodman stations responsibility engineering and business fields. 
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His first engineering experience was obtained 1905 the 
Shaw, special engineer engaged the City Lancaster design and 
supervise the construction certain water-works and sewerage improvements, 
this position Mr. Erisman performed the duties Rodman, 
and Draftsman. After completing his engagement with Mr. Shaw 1906, 
secured employment with the Pennsylvania Railroad Company with 
which served for period six months Rodman, Chainman, and 
Instrumentman. 

March, 1907, Mr. Erisman made engineering connection with the 
Pennsylvania Department Highways which field was destined direct 
his energies for the remainder his life. For period nine years was 
identified with the Bureau Township Highways, serving the capacities 
Rodman, Chainman, Instrumentman, Chief Party, Draftsman, Inspector, 
and Assistant Engineer. His service Assistant Engineer covered period 
more than two years, during which time his activities were directed toward 
the betterment rural roads that were under the care Township Road 
Supervisors. had under his charge the supervision the construction 
roads and bridges Township Supervisors over the entire State Penn- 
sylvania, and was instrumental organizing Township Boards into County 
Units, after which Schools Instruction were formed the various counties, 
with sessions held annually semi-annually. schools were the means 
bringing the construction rural roads under uniform standard, result- 
ing great improvement appearance and general utility. 

1916, Mr. Erisman was promoted the position District Engineer 
the Pennsylvania Department Highways, which capacity had charge 
the construction and maintenance State highways several districts 
the departmental organization, the types roads involved being water-bound 
macadam, bituminous macadam, brick, and concrete. 

During Mr. Erisman’s connection with the Pennsylvania Department 
Highways the organization grew from small unit the beginning the 
automobile era the vast proportions now found various Commonwealths 
the Union. was thus brought into close contact with the pioneering 
and experimental work required building system highways from 
the early dirt roads and turnpikes the present type road designed for 
high-speed and heavy traffic, and thereby acquired first-hand knowledge 
road engineering and materials which was valuable asset his later work. 

1921 severed his connection with the Pennsylvania Department 
Highways engage the private practice Highway Engineering and 
the distribution road machinery and bituminous and tar road materials, 
with headquarters Lancaster. His engineering took the form 
surveys, plans, and designs for roads, streets, and bridges, together with 
consulting service for individuals and road-building authorities. was the 
local distributor for “Ugite” road tars, his territory embracing several coun- 
ties Southeastern Pennsylvania. 1925, built office and warehouse 
Lancaster improve his facilities for handling his business. 1931, 
added bulk storage plant with capacity 50000 gal which enabled him 
develop extensive business the distribution oils and tars. 
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ing demands required him enlarge his storage facilities 10000 gal 
which time also constructed mixing plant for the manufacture 
bituminous cold-patch material used macadam roads. 

Mr. Erisman was not able reap the full benefit from the expansion 
his business facilities, failing health necessitated the curtailment his 
activities. Although was still the prime life, being only age, 
was unable check the decline his physical condition, and death fol- 
lowed his home Lancaster, June 15, The community which 
lived had learned love and respect him. was man sterling 
character, such the world cannot afford lose. Through his straightforward 
business dealings and honorable practices, had built large circle 
social and business friends who mourn his untimely death. took 
active interest community affairs and was affiliated with the Masonic 
Fraternity, the Royal Arcanum, the Lancaster Monarch Club, and the 
Lancaster Chamber Commerce. 

November 23, 1909, Mr. Erisman was married Barbara Rogers, 
daughter Augustus and Mary (Young) Rogers, Intercourse, Lancaster 
County, Pa., who survives him. Surviving also daughter, Lucretia 
(Mrs, Walter McMinn, Jr.), and one son, Charles Erisman. 

Mr. Erisman was elected Associate Member the American Society 
Civil Engineers, August 28, 1922. 


RALPH DANIEL HAYES, Assoc. Am. Soc. 


Diep 20, 1935. 


Ralph Daniel Hayes was born Hawkinsville, Y., June 24, 1881, 
the son Oscar Hayes and Emma (Jones) Hayes. his mother’s 
side was direct descendant Ethan Allen, who assisted eminently 
establishing American independence. His father was born Hawkinsville 
and his great-grandfather was pioneer that section. His mother, 
who died there few weeks after her son’s death, was also native 
Hawkinsville, with which her family had long been prominently identified. 

Mr. Hayes’ early life was spent Hawkinsville, but was educated 
the schools Boonville, 1900, entered Clarkson College, 
Potsdam, Y., from which institution was graduated 1904 with 
the degree Bachelor Science Civil Engineering. During his college 
years, worked with the United States Lake Survey, and 
hydrographic surveys the St. Lawrence River. this work—his first engi- 
neering assignment—he served under Shenehon, Am. Soe. 

After his graduation from Clarkson College, Mr. Hayes was employed 
for short time with the United States Geological Survey the Adirondack 
Mountains, and then joined the staff the then New York State Engineer, 
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Henry Van Alstyne, Am. Soc. E.; thereafter, was engaged 
highway work from 1904 1907. 

1908 transferred the New York State Barge Canal Department, 
where was importantly engaged the construction that system 
waterways, remaining this work until 1923, when was transferred 
the Operating and Maintenance Division the Albany District the 
Department Public Works. 

For the next four years remained Albany continuously, being actively 
engaged various branches this great waterway, and thus familiarizing 
himself with every detail its operation. 1927, was appointed Deputy 
Commissioner, and Engineer Assistant the Commissioner, Division 
Canals, Major Thomas Farrell. During his long experience the con- 
struction, operation, and maintenance the Barge Canal, Mr. Hayes acquired 
knowledge concerning this Department that was invaluable the State 
New York. This knowledge, and his ability inspire full confidence, co-opera- 
tion, and respect his assistants and the public with whom came 
contact, were recognized his superiors and the Hon. Franklin Roose- 
velt, then Governor the State New York, and, February 1930, 
although had never engaged politics, Mr. Hayes was appointed Commis- 
sioner Canals and Waterways the Department Public Works, 
ceed Major Farrell, who was made Chief Engineer the Department 
Public Works that time. Mr. Hayes served this position with 
tion, looking after every detail this 500-mile system canals until his 
death. had faithfully served his State for thirty years. 

All his appointments and promotions were under the New York State 
Civil Service. was the first man promoted step step through 
the Civil Service from the grade Leveler the high post Commissioner 
Canals and Waterways. 

Frederick Stuart Greene, Am. Soc. E., Superintendent Public 
Works New York State, remarked that all the thirty years’ service that 
gave the State, not one hour one minute that time did Mr. Hayes 
swerve from his duty. impressed both Governor Roosevelt, and Governor 
Lehman, that several occasions they saw fit show publicly their deep 
regard for him. 

his college days Mr. Hayes was earnest student and honor man, 
with full realization his duty his parents make the most his 
opportunities and thus show them his appreciation their efforts fit 
him for important position life. that early age, possessed unusual 
dignity, and kindliness, and these characteristics were outstanding 
with him throughout his life. showed courtesy and thoughtfulness toward 
others unusual degree. His quiet sense humor was delightful and 
drew him many friends who held him deep affection. 

His ethical standards were above question and was always alert the 
responsibilities his position and his profession. his death Hayes 
received hundreds messages sympathy and condolence from his many 
friends. Flags along the entire route the Barge Canal flew 
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Governor Lehman, with Mrs. Lehman, attended the funeral, well many 
others prominent the Engineering Profession and public life. 
Governor Lehman issued this statement concerning Mr. Hayes: 


regarded him one the finest and most valuable men the State 
service. was untiring his work and uncompromising his devotion 
duty. gained public good-will because impressed people with his 
fairness and integrity. mourn the loss loyal, efficient, and devoted 
public servant.” 


The Knickerbocker Press, Albany, Y., February 20, 1935, pub- 
lished the following editorial: 

“To say that Ralph Hayes was excellent public official does not 
give him his full meed merited praise. was more than official. 
Commissioner Canals and Waterways, went far beyond mere duty. 
him, office was public trust. was modest and felt himself 
servant the people and joyed giving more than mere service. 

“Probably few men were held such high personal regard was he. 
know him was know man whom honesty and fairness was creed 
and duty religion. Throughout the State served feeling real 
loss his death, loss man with high ideals citizenship, man with 
unusual sense honor and obligation. Ralph Hayes was exemplary man 
and official, whose whole life was inspiration others.” 


goes without saying that such spontaneous and sincere tributes from 
great and small, showed that here was most unusual man. They indicate 
Mr. Hayes’ real character and worth far more clearly than volumes tech- 


accounts his achievements. His death was shocking loss hun- 


dreds friends who will never cease honor his memory. The writer 
himself, treasuring many memories Mr. Hayes from boyhood together, 
conceive how any one could have come contact with him without 
having been made better the experience. 

Mr. Hayes died the Post Graduate Hospital, New York, Y., the 
result operation from which had almost fully recovered, but from 
which unexpectedly suffered relapse. was buried Hawkinsville, 
Y., the family plot, cemetery established for the use his 
community his great-grandfather. 

September, 1908, was married Genevieve Deneen, Fort Coving- 
ton, Y., who survives him. 

Mr. Hayes was elected Junior the American Society Civil Engi- 
neers, June 1907, and Associate Member August 31, 1909. 
was also member the Albany Society Engineers. 


CHARLES JAY HOGUE, Assoc. Am. Soc. E.* 


May 28, 1935 


Charles Jay Hogue, the son Dan and Rebecca (Starr) Hogue, was 
born Watsontown, Pa., July 12, 1870. After graduation from the Wat- 


*Memoir prepared William Starr, Esq., Hyattsville, Md. 
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sontown High School pursued special studies Lehigh University, 
Bethlehem, Pa., and, 1890, entered the field railroad engineering 
Draftsman for the Central Railroad Company Pennsylvania, subsequently 
removing Wheeling, Va., where held similar position with the 
Wheeling and Citizens Street Railway Company. 

May, 1892, Mr. Hogue entered the service the Short Line 
ment Company Transitman and Draftsman the location line 
railroad from Berwick, Williamsport, Pa. From May November the 
following year, was employed Draftsman and Assistant Track Work 
with the Cleveland, Cincinnati, Chicago, and St. Louis Railroad Company, 
November, 1893, entered the service the Central Pennsylvania and 
Western Railroad Company Instrumentman and Chief Party, engaged 
location surveys from Berwick Stroudsburg, Pa. During 1895, Mr. 
Hogue was employed Instrumentman the Montauk Extension the 
Long Island Railroad, from Bridgehampton Fort Pond Bay, Long Island, 
under the direction Frederic Molitor, Am. Soc. E., Engineer 
Charge; later served Chief Party extensive topographical surveys 
Montauk Point. 

From 1896 1902, Mr. Hogue was again attached the corps Mr. 
Molitor, then Chief Engineer the Choctaw, Oklahoma and Gulf Railroad. 
During this time located the 50-mile extension, from Reno Weather- 
ford, Okla., also part the 130 miles from Howe, Okla., Little Rock, 
Ark. Division Engineer, had charge the rehabilitation the 
taw and Memphis Railroad (formerly the Little Rock and Memphis Railroad). 
This work involved the raising grades conform with the St. Francis 
Levees along the Mississippi River, Arkansas; relaying 132 miles heavier 
steel; moving buildings; laying out yards; designing shore protection, sewer, 
and water lines; and supervising the erection shop buildings. 

1903, Mr. Hogue became Engineer Maintenance Way for the Rock 
Island System, leaving that Company 1904 assume charge party 
the location the Midland Valley Railroad from Muskogee Tulsa, Okla. 
the following year, went New York, Y., and was attached for 
short time the office the Designing Engineer the New York Central 
and Hudson River Railroad Company. 

1906 Mr. Hogue entered the service the Philippine Railroad Com- 
pany, acting the capacity Principal Assistant Engineer, the location 
and construction approximately 120 miles railroad the Islands 
Panay and Cebu, Philippine Islands. 1909, returned the United 
States where was engaged for short time private work. 

Returning again the Philippine Islands, entered the service the 
Manila Railroad Company Engineer Charge Construction (1911-13). 
Most this time was spent 37-km extension from Aringay Baguio, 
Luzon Island, where the mountain route was very difficult. For km, 12% 
grades were used, and places the curves were sharp 115-m radius. 
The total rise above sea level was 1450 Four tunnels and one hundred 
and twenty bridges were required. Owing the difficulty this mountain 
route, the use rack rail and special locomotives was contemplated. 
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Upon his return the United States, Mr. Hogue was employed the 
Cumberland and Pennsylvania Railroad Company make surveys and pre- 
pare maps required orders the Interstate Commerce Commission, Bureau 
Valuation. the spring 1915, purchased interest the firm 
Brownworth and Company, engaged the design and manufacture light 
structural steel work. was elected President that Company, which 
position held until the time his death. 

Mr. Hogue was engineer resourcefulness and ability. was tire- 
less worker, energetic and thorough everything which undertook; 
was too small receive his most careful consideration. Although 
the earlier years his life were spent various phases railroad work, 
had exceptionally keen eye for country and its topography, and his. most 
important service was the field railroad location. 

his kindly and genial manner won and held the friendship his 
associates, whom was highly esteemed for his integrity and fine personal 
qualities. Mr. Hogue, although unmarried, enjoyed the quiet simplicity 
home life, and welcomed the opportunity which, 1915, was afforded him 
enter business Philadelphia, Pa., where resided until May 28, 1935; 
passed away after illness six months. His passing has been felt with 
distinct sense loss his many friends and associates. 

Mr. Hogue was Associate Member the American Society 
Civil Engineers, December 1898. 


EDWARD LOUIS KOCH, Assoc. Am. Soc. 


Diep 29, 1935 


Edward Louis Koch was born Huntingdon, Pa., August 17, 1883. 
was the son the late Ferdinand and Sue (McHugh) Koch. His 
father was prominent business man Altoona, Pa., having served 
Manager for the Standard Supply and Equipment Company that place. 

The Koch family originally came the United States from Germany 
the early years the Nineteenth Century, and the name now well 
known that part Huntingdon County, Pennsylvania, where they first 
settled. 

Edward Louis Koch was educated the schools Altoona and 
was graduated from the local High School 1902. Unfortunate enough 
not able take course one the larger universities his favorite 
subject engineering, made for this deficiency night school work, 
this resulted, later, his becoming qualified Civil Engineer. 

After his graduation from High School, worked for short time with 
the State Highway Department Pennsylvania, but having been brought 
railroad town, where interest the Pennsylvania Railroad was 
paramount, his ambition was enter railroad work with that Company. 
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From October, 1902, July, 1904, Mr. Koch was employed Chainman 
the Pennsylvania Railroad Company construction work. 

November, 1904, was transferred the Maintenance-of-Way 
ment where his particular interest lay. gradual stages advanced from 
Chainman, Rodman, Transitman, and, April, 1910, received his first 
appointment Assistant Track Supervisor the old Cresson 
sion, with headquarters Cresson, Pa. This Division has since been absorbed 
part the Pittsburgh Division. 

Two years later (1912) Mr. Koch was transferred the Conemaugh Divi- 
sion with headquarters Pittsburgh, Pa., and, June, 1913, was advanced 
job the Main Line Pittsburgh the same capacity. 

1917, real chance came show his knowledge practical track work, 
when was first made Supervisor Track the Maryland Division, 
Media, Pa. Later the same year, was advanced the West Jersey 
and Seashore Railroad, Camden, J., and, 1920, returned the 
Maryland Division Supervisor Sub-Division the Main Line between 
New York, Y., and Washington, 

this last capacity Mr. Koch had outstanding success winning the 
much sought after prizes offered the Pennsylvania Railroad Company for 
excellence line and surface. For two consecutive years was awarded 
the Improvement Prize given the Supervisor the Eastern Region whose 
Division showed the most marked improvement riding and general condi- 
tion track, feat which had not been equalled prior this time. Other 
prizes seemed awarded continually him, indicating complete mastery 
practical track work. 

August, 1929, Mr. Koch was made Assistant the Division Engineer 
the Baltimore Division, with headquarters Baltimore. During 1934 
and 1935, his work Baltimore necessitated active participation the 
improvement program connection with electrification, and his knowledge 
track work, together with his engineering ability, made Mr. Koch invalu- 
able his Company. 

was married Mary Price, Altoona, November 1907, and 
survived his widow and seven children, two girls and five boys. 

Mr. Koch was elected Associate Member the American Society 
Civil Engineers November 26, 1918. 


FRANKLIN EDWARD LELAND, Assoc. Am. Soc. 


Diep Juty 1935 


Franklin Edward Leland was born Ashfield, Mass., June 29, 1889, the 
son George Edward and Mary (Smith) Leland. was educated 
the public schools Ashfield and Sanderson Academy. Later, continued 
his studies taking various evening courses along engineering and general 
business lines. 


prepared Waldo Pike, Esq., Boston, Mass. 


| 


from 
first 
Divi- 


Divi- 


work, 
the 
ween 


the 
for 
rded 
hose 


neer 
1934 

the 
alu- 


MEMOIR FRANKLIN EDWARD LELAND 1695 


For several months, 1909, Mr. Leland was employed Rodman with 
Brown, Civil Engineer, Greenfield, Mass., following this with year 
Draftsman for Wells Brothers Company, also Greenfield, and year with 
the Chase Turbine Manufacturing Company, Orange, Mass. 

From September, 1911, November, 1912, was employed Put- 
nam, Northampton, Mass., architectural detailing, and followed this 
period seven months similar work with the firm Kilham and 
Hopkins, Boston, Mass., and two and one-half years with Allen and Collens, 
Boston, architectural drafting and some structural design. 

1915, Mr. Leland was employed the Boston and Albany Railroad 
Company, Boston, the valuation required under the 
Federal Valuation Act. From 1915 1918, served Checker, Designer, 
and Assistant Squad Chief with the Stone and Webster Corporation, Bos- 
ton, and was responsible for detail design various types industrial struc- 
tures, chiefly steam power plants. 

During the World War, Mr. Leland was engaged Designer the 
firm Fay, Spofford, and Thorndike, Boston, and was responsible for 
considerable part the design the superstructure the Boston Army 
Supply Base. the termination the war, became Assistant Designing 
Engineer with the Aberthaw Construction Company, Boston, returning, 
later, Fay, Spofford, and Thorndike with which firm remained until 
1922, Designer and Resident Engineer construction. 

1922, Mr. Leland began independent practice engineering design 
and management, and maintained office for the following nine years. 
During this time handled successfully number large projects, prin- 
cipally industrial. and supervised all the work done the 
Boston Airport, 1929, aggregating value approximately $500 000. 

1933, was employed the firm Metcalf and Eddy, Boston, 
where assisted the design large sewage disposal project and several 
water treatment plants. was the employ this firm the time his 
death. 

For two three years prior his death, Mr. Leland was engaged, 
member the Committee, the preparation the draft the new Building 
Code for the City Boston. was also Trustee the Kendall Square 
Building, Cambridge, Mass., and, one time, had served member 
the Chamber Commerce, Cambridge. was member the Boston 
Society Civil Engineers. 

Mr. Leland was capable engineer, clear thinker, accurate and thorough 
his work, and was highly respected those with whom came 
contact. had high sense honor and upheld the ethics his profession, 
and took great pride his work. 

was married Flora Paramenter Ash, Orange, who, with 
daughter, Elizabeth Foxwell Leland, survives him. also leaves sister, 
Edith Leland, and two brothers, Archie Leland and Harold Leland. 

Mr. Leland was elected Associate Member the American Society 
Civil Engineers June 1921. 
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HARRY CLIFFORD McCLURE, Assoc. Am. Soc. 


Diep 1935 


Harry Clifford McClure was born Mansfield, Ohio, August 15, 1884, 
but grew manhood Cawker City, Kans., where his parents moved 
when was between one and two years age. His father, Robert McClure, 
was Scotch ancestry, while his mother, Sarah (Hudson) McClure, was 
direct descendant Henry Hudson, the English navigator and explorer. 

received his formal training for the Engineering Profession the 
University Kansas, Lawrence, Kans., where was enrolled student 
the School Engineering from 1905 1909 and during the year 1913-1914, 
and the University Michigan, Ann Arbor, Mich., where did gradu- 
ate work 1914-1915. His professional degrees were Bachelor Science 
(in Civil Engineering) and Civil Engineer from the University Kansas 
1909 and 1914, and Civil Engineer from the University Michigan 1915. 

Mr. McClure’s first actual engineering job after his graduation from the 
University Kansas was with the Riggs and Sherman Company, Toledo, 
Ohio, noteworthy engineering firm that time and place which, addition 
distributing regular salary checks, gave effective somewhat informal 
post-graduate training practical engineering hand-picked group 
young men fresh from the blackboard and testing laboratory. The two fruit- 
ful years (June, 1909, October, 1911) spent with this firm were occupied 
chiefly wide variety office duties and, later, work the field 
Engineer-Inspector concrete dry dock for the Toledo Shipbuilding Com- 
pany. His next engagement (November, 1911, December, 1915) was with 
the Toledo Board Education, first Staff Engineer the Department 
Architecture, but later Chief Engineer charge structural design 
and construction. This was during period active school building 
Toledo which several large ward and High Schools modern 
type were built and equipped. 

left the service the Board Education Toledo January, 1916, 
become Commissioner Engineering and Construction the Department 
Public Works the City Toledo, under the Hon. David Goodwillie, 
Director Public Service. This position was held until February, 1921, 
when Mr. McClure became Works Manager and Superintendent New 
Construction with the Toledo Company. The position with the City 
Toledo extended over period intense activity city planning and 
improvement, covering general plans for the removal sewage and industrial 
wastes from Ten-Mile Creek, Swan and the Maumee River (both 
sides); the extension and straightening Summit Street; the reclamation 
land for industrial areas; and various water-front and harbor improvements. 

Mr. McClure’s engagement Commissioner Engineering Toledo 
was interrupted year’s leave absence 1918 when, commissioned 
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Captain the Ordnance Department the United States Army, was 
assigned duty investigating sites for nitrate plants, and, later, was put 
charge the construction roads, water supply, and sewers. Afterward 
served Intelligence Officer and Assistant Director Operations, 
Nitrate Plant No. near Cincinnati, Ohio. This plant had not been finished 
the close hostilities, but Captain McClure was held for time this 
station assist closing the affairs the plant. 

From the Toledo Scale Company, Mr. McClure was called April, 1923, 
City Engineer and, later, Director Public Works, Flint, Mich. 
City Engineer had charge the design and construction pavements, 
sewers, sidewalks, bridges, buildings, and miscellaneous structures (not 
including water-works), together with the maintenance and repair such 
services and structures; was also charge the system sewage dis- 
posal, and managed the collection and disposal the city’s garbage and other 
city wastes. While Director Public Works was also supervisory 
charge the Water-Works Division Flint. During this period the City’s 
construction work, under Mr. McClure’s direct supervision, amounted 
approximately practically all which was done force con- 
tract. The number men employed the Public Works Department varied 
from about 250 during the routine winter maintenance and snow-removal 
operations many 1200 during construction seasons. This was 
period active building the city keep pace with the continued expan- 
sion its industries and the rapid growth its population, period con- 
solidating earlier gains, and welding all improvements together into 
smoothly functioning whole.. many ways, was the period transition 
Flint from the condition large town the status well-organized 
city, and this transition Mr. McClure bore notable part. His northwest 
corner office the second floor the City Hall was the recognized center 
for constructive planning and never-failing source forward-looking ideas. 

Because rapidly developing political opposition, Mr. McClure resigned 
the position Director Public Works Flint April, 1931, leaving 
May. The following month, became member the State Public Utilities 
Commission Michigan, appointment Governor Wilbur Brucker. 
remained this service until March, 1934, when he, along with other 
members the Commission, was removed from office Governor William 
Comstock. 

Mr. work the Utilities Commission was about what should 
normally expected high-minded engineer, mature years and 
constructive thinking, and well-seasoned experience. tried get 
all the significant facts situation before making final decision. While 
held pronounced view the obligations the public utilities the 
public which they served, likewise had unusually clear understanding 
the difficulties which the utility companies themselves were beset. 
was known official who was always alert and vigorous the public 
interest, but always fair. time when enormously expanded State 
Highway System was stimulating trucking and bus services, when changes 
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economic conditions were forcing multitude rate changes, and when 
the rapid discovery and exploitation the gas and oil resources the State 
were creating new problems broad public concern, Commissioner 
knowledge engineering well his sound views public responsibility 
were outstanding value the State. 

Mr. McClure was married, 1912, Hazel Carter, Toledo, while 
was with the Board Education that City. Mrs. and their two 
daughters, Suzanne and Sallie, survive him. 

The beginning the malady which Mr. finally succumbed 
undoubtedly dates back number years, but this trouble became more 
pronounced the early summer 1934 and, following partial recovery, 
still more severe 1935. died suddenly East Lansing November 
1935, heart attack. The funeral services were held November 12, 1935, 
interment being Deepdale Cemetery, Lansing. one accustomed 
constant and vigorous action, the rest periods prescribed the physician 
seemed tedious and difficult bear and even the light work permitted during 
his apparent recovery 1934 fell far short satisfying his energetic nature; 
but with his family his buoyancy spirit and his irrepressible good humor 
never flagged and much his time during this period partial health was 
happily spent studying and contriving for their best interests. 

was member the Michigan Engineering Society; member 
Sigma and Tau Beta Pi; was Rotarian; Shriner; Republican; 
and member the Methodist Episcopal Church. was also member 
number local clubs and civic associations. 


Mr. McClure was elected Junior the American Society Civil 
Engineers March 1910, and Associate Member September 


OSCAR WILLIAM MELIN, Assoc. Am. E.* 


Diep 29, 1935 


William Melin, the son August Melin and Christine (Sundell) 
Melin, was born Moline, April 22, 1888. 

After attendance the local schools his birthplace, went the 
University Wisconsin, Madison, Wis., from which was graduated the 
Class 1910, with the degree Bachelor Science Civil Engineering 
His first duties were the typical tasks the young engineer seeking per- 
fect himself his field: Instrumentman for the United States Reclamation 
Service, the Central Railroad Company, and the Madison Street 
(Chicago, Railway Company; year the field concrete construc- 
tion; and two years Instructor Civil Engineering the University 
Kansas, Lawrence, Kans. 
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1914, Mr. Melin entered the Engineering Offices the Central 
Railroad Company and during the ensuing four years worked Draftsman, 
Chief Draftsman, and Group Chief various Departments the Company. 
Following brief engagement 1918 Inspector for the Government 
power plant construction, returned for short time railroad work with 
the Baltimore and Ohio Railroad Company, Western Lines, Assistant 
Engineer Building. 

Meanwhile, the chief opportunity was enjoy use his abilities 
his too brief career had been slowly taking form the Hawthorne 
Works the Western Electric Company, faced with heavy requirements for 
new manufacturing facilities brought about the increasing demands the 
nation for telephones. 

Mr. Melin joined the Western Electric Company 1919 Structural 
Engineer the office the Engineer Plant. His work was soon regarded 
favorably, and was placed charge the structural design ware- 
house more than 100000 area. Following this rapid succession 
came both single and multi-story buildings, including the complex structural 
design large rod and wire-drawing mills with their accompanying heavy 
machine loads. 

Mr. Melin had keen intelligence and his work was marked primarily 
drive and initiative but, always pushing himself harder than did any his 
men, was popular leader. 1923, when the Western Electric Company 
chose the site for its Kearny (N. J.) works, Mr. Melin was transferred 
New York, Y., assume charge the structural design the buildings 
required there. Here, had charge the taking bids and preparation 
construction contracts, and from 1924 1929 supervised the structural 
design and handled the contractual relations building projects comprising 
about 900 000 floor space. 

Fundamentally honest with himself and all those with whom came into 
contact, was satisfied only with the most careful analysis problem 
and demanded himself and others painstaking and sound engineering prac- 
tice its execution. drew men him more their own recognition 
his character and ability than any conscious effort his part win 
them. 

Recognizing the need “yardstick” measure building construction 
performance the Engineer Plant, developed 1927 from quantity 
survey typical Western Electric buildings, Building Construction Cost 
Index which still use the Company. only one example the 
natural ability and intense application which Mr. Melin best remem- 
bered his many friends the profession. 

Mr. Melin was married Florence Roach November 27, 1915, Fenni- 
more, Wis. survived his widow and one daughter, Marjorie Jane 
Melin, Pasadena, Calif. also survived three sisters, Emma and 
Hilma Melin, Moline, and Ethel Melin Pueblo, Colo. 

Mr. Melin was elected Associate Member the American Society 
Civil Engineers October 14, 1919. 
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FRANK HURD PICKETT, Assoc. Am. Soc. E.* 


Frank Hurd Pickett was born Toledo, Ohio, July 1888, the son 
Edward and Mary (Watkins) Pickett. attended school Toledo 
until 1905, which time entered the University Colorado, Boulder, 
majoring Civil Engineering. Subsequently, was student Purdue 
University, Fayette, Ind., where for one year received training 
Cadet, and was made member Theta Fraternity. His education was 
complete every detail, because his eagerness always acquaint himself 
with every new method the constant problematical and progressive field 
engineering. 

1915, Mr. Pickett attended the Brooklyn (N. Y.) Evening Technical 
School for special work; and, again, the fall 1920, entered the Ameri 
can Rolling Mills School, Middletown, Ohio, for six weeks’ term. 
next took short course given the California Corrugated Culvert Pipe 
Company, Berkeley, Calif., during the months January and February, 
1935. The completion this course preceded his last and death, 
only one month. 

Mr. Pickett’s practical experience began 1908, various irrigation 
projects Colorado, Chainman, Levelman, Transitman, From 1908 
1910, served Assistant Engineer for the Colorado Irrigation Construc- 
tion Company, Denver, Colo. This work consisted preliminary and final 
location surveys, plane-table topography, and estimates cost water duty 
60000-acre project near Denver. Afterward, was appointed Assistant 
Engineer for the Rock Creek Conservation Company, Rock River, Wyo., 
project. 

1911 and 1912, Mr. Pickett took position with the Dodge 
Company, New York, Y., his work being entirely the Construction 
Reports Department. From 1912 was associated with 
Gahagan, Incorporated, Brooklyn, Y., for which Corporation was 
charge the construction power plant and brick and concrete mine 
buildings, for the Delaware, Lackawanna, and Western Railroad Company, 
Nanticoke, Pa. From 1913 1916 was employed Engineer for 
and Kelly, Dock-Building Contractors, Brooklyn, This 
detailed work consisted estimates, designs, and the construction piers, 
bulkheads, jetties, and foundations. 

Mr. Pickett then accepted position with the American Graphaphone 
Company with which remained during 1916 and 1917, Assistant Con- 
struction Plant Engineer. such, had general supervision the build- 
ing the New Record Plant, consisting brick and steel factories and 
power plants. For several months prior the eatrance the United States 
into the World War, served Assistant Construction Engineer for the 
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Remington Arms Union Metallic Cartridge Company, charge the gen- 
eral maintenance and construction dry kilns. 

From 1917 1919, Mr. Pickett served the United States Army First 
Lieutenant Engineers. August 1918, received his commission 
Captain Engineers, and held that rank the Reserve Officers Corps until 
his death. While active Army service, was charge troops and 
Military Trade Schools, and was stationed Camp Lee Virginia, Wash- 
ington Barracks, the District Columbia, Fort Benjamin Harrison, 
Indiana, Camp Dodge, Iowa, and Camp Humphreys, Virginia. was 
granted honorable discharge from the Army Fort Russell, 
Wyoming, September 1919. 

After his discharge from the Army, Mr. Pickett renewed engineering 
and business interests accepting position Engineer for 
Whiting, Cheyenne, Wyo., the construction sewerage system for 
the City Cheyenne, and the Hawks Springs Reservoir Dam. 1920 
joined the Engineering Corps the Hardesty Manufacturing Company 
Denver, Colo., with which remained until 1932. was made Sales and 
Consulting Engineer. Company manufactured the Armco iron culverts, 
flumes, head-gates, meter-measuring devices, etc. 1932, The California 
Corrugated Culvert Company purchased the Idaho, Utah, and Colorado terri- 
tories from the Hardesty Manufacturing Company, thus bringing eleven 
Western States, and New Mexico, into one Company group. Mr. Pickett 
maintained supervision the State Idaho. Owing his various con- 
tacts with highway officials, contractors, boards directors road construc- 
tion, county city councils, etc., his business was made very 
interesting. 

Mr. Pickett was widely known for his “Irish wit” intermingled with 
deep and sincere kindness. Especially did take great pride scattering 
sunshine and kindness those who were less fortunate than himself. was 
honest, honorable, and dependable all great matters, well matters 
lesser importance. His keen appreciation music and literature also 
added zest his wonderful and honorable character. The great such 
splendid man will felt all who knew him. 

June 10, 1921, was married Muriel Elizabeth Simpson, who 
survives him. also survived sister, Mrs. Milo Foley, 
Denver, Colo. 

Mr. Pickett was elected Associate Member the American Society 
Civil Engineers October 1917. 


WILLIAM THOMAS REED, Assoc. Am. Soc. E.* 


Diep 28, 1935 


William Thomas Reed was born Lynn, Mass., August 30, 1872, the 
son Thomas and Esther (Richardson) Reed. received his educa- 


*Memoir prepared Harry Sawtell, Am. Soc. 
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tion the schools Lynn, and was graduated with one the earliest 
classes from the local English High School, 1889, nearly the head 
the Class. helped organize the School Alumni Association and was 
elected the first President. His interest the Alumni Association was great 
and steadily maintained during all the subsequent years until his 

was unable attend technical school college, but gained con- 
siderable knowledge engineering principles intensive home study and 
application. The work that led Mr. Reed into the field design, 
and afterward into engineering contracting, was his first engagement 
November, 1895, with the Norton Iron Company, Everett, Mass., where 
worked both the structural shop and the field. the early part 
1897, went into the Drafting Room the Boston Steel and Iron Company, 
Boston, Mass., Draftsman, working steel stairs well struc- 
tural design. Owing his natural ability, hard study, and application, 
rose rapidly the Designing Room this growing Company and filled, 
successively, the positions Chief Designer, Chief Draftsman, and Engineer 
Charge Design. His work was outstanding that was transferred 
the Estimating Department, and was soon placed charge that work 
Contracting Engineer. While that position was responsible for the 
design the steel structures many important buildings Boston, 
and other parts New England. About this time construction work 
reinforced concrete was increasing rapidly and concentrated the applica- 
tion the principles mechanics reinforced concrete design. 

Early 1904 Mr. Reed left the Boston Steel and Iron Company and, 
May that year, became associated with the Eastern Expanded Metal 
Company, Boston, and, later, the Eastern Concrete Construction Company, 
subsidiary, for which designed many reinforced buildings and 
supervised the construction number them. Mr. Reed continued with 
this Company until March, 1910, when with others formed the New Eng- 
land Concrete Construction Company, Boston, which was the 
President, Treasurer, and Manager. This Company was organized for con- 
tracting, engineering, designing, and erecting structures reinforced concrete, 
brick, steel, timber. The Company specialized industrial plant buildings, 
warehouses, and other similar structures. 

May, 1921, the Company was re-organized and named the William 
Reed Company, and Mr. Reed again became President, Treasurer, and Man- 
ager. Under his direction, the Company continued perform the work 
designing and constructing many important industrial buildings until his 
death April 28, 1935. had the honor working one the first 
steel-frame buildings erected the City Boston, well one 
the first concrete structures constructed that vicinity. His 
activities are thus linked with the pioneer growth these fields. 

Mr. Reed was very successful creating and maintaining reputation 
for the highest character and honor his work. Being satisfied with nothing 
short the best, was often spoken being too honest for money 
maker. always maintained that reputation for doing good work and 
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being fair his clients and workmen was worth more him than fortune 
money without them. 

succeeded placing his contracting work high professional 
plane. His Company did work for literally hundreds the best known firms 
New England, and Mr. Reed took considerable pride the fact that 
seemed never lose client once did his work, this being shown the 
fact that nineteen selected names owners his books, the average num- 
ber repeat orders was nine, and one company gave him least twenty-three 
separate jobs, aggregating cost approximately 000 000. 

His religious principles were carried into his secular work, and leaves 
many friends among the laborers his Company, well business and 
professional associates, who regret his passing. 

October 1902, Mr. Reed was married Grace Edith Bickford, 
Lynn, who passed away May 18, 1918. They had issue, and Mr. Reed 
never married again. brother, Frank Reed, survives him. 

His interests were varied shown the following list organizations 
which was member: First Congregational Church, Lynn; Sons 
American Revolution; Massachusetts Charitable Mechanics Association; 
Lynn Historical Society; and Reade Society for Genealogical Research. 

Mr. Reed was elected Associate Member the American Society 
Civil Engineers February 28, 1911. 


HARRY ASHTON ROBERTS, Assoc. Am. Soc. 


Diep 1935 


Harry Ashton Roberts was born Strawn, April 1876, the son 
Edward and Eliza Roberts. the age twenty-six, was graduated 
with honors from the University Illinois, Urbana, receiving the 
degree Bachelor Science Civil Engineering. 1916, the University 
Illinois conferred upon him the degree Civil Engineer. was 
member Tau Beta Pi. 

During vacation periods, between 1899 and 1901, Mr. Roberts was employed 
various railroads Rodman, Draftsman, and Transitman. 1901, 
was charge party making townsite surveys for the United States 
Department the Interior Indian Territory. From 1902 1904 
was, successively, the service the Oregon Short Line Railroad Company, 
Delaware, Lackawanna and Western Railroad Company, and the Sante 
System, his last assignment being charge residency the construction 
the Newkirk-Pauls Valley Line, which involved heavy grading, masonry, 
and bridge work. 


prepared Samuel Murray, Am. Soc. 
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1904, re-entered the service the Oregon Short Line Railroad 
pany, Draftsman, shortly thereafter being promoted Assistant Engi- 
neer Maintenance Way, the Montana Division, and February, 
1906, was appointed Assistant Engineer construction. The remainder 
1906 was period great activity for Mr. Roberts, the construction 
yards, freight-houses, terminals, water stations, and various other railroad 
facilities Nampa, Boise, Caldwell, and other points Idaho, bein, carried 
out under his jurisdiction. 

November, 1906, was promoted the position Division Engineer 
Assistant Superintendent the Oregon Short Line Railroad Company, 
with headquarters Pocatello, Idaho, and although for the next eight years 
was actively engaged with important maintenance and operating problems, 
Mr. Roberts found time for deep interest civic matters member 
the Pocatello School Board, and Director the Young Men’s Christian 
Association. 

September, 1914, was called the University Kansas, Lawrence, 
Kans., Assistant Professor Civil Engineering. this position spent 
probably the most pleasant days his professional career, until America 
entered the World War and joined the Service Captain the Engi- 
neering Corps the American Expeditionary Force. was mustered out 
February, 1919, with record conspicuous service overseas, returning 
the University Kansas February, 1919. the succeeding September 
re-entered the service the Oregon Short Line Railroad Company 
Division Engineer, where remained until 1920, when was transferred 
the Oregon-Washington Railroad and Navigation Company, unit the 
Union Pacific System, Portland, Ore., Engineer Maintenance Way. 
Here, served until his death, which occurred unexpectedly his country 
home Aloha, Ore. 

Harry Roberts was competent and dependable engineer, and fine 
example American gentleman. possessed high qualities leadership, 
and inspired devoted loyalty from his subordinates, strong adherence 
principle was tempered with unfailing sense fairness and active sym- 
pathy for the “under dog.” had host friends who mourned his 
passing, among them many whom had endeared himself his never 
failing willingness help where help was needed. 

1903, was married Henrietta Henderson, who, with his daughters, 
Henrietta Roberts and Mrs. George Barlow, and his sons, Donald 
and Kenneth, survives him. also survived his sisters, 
Harvey Beightol and Mrs. Miriam Brannum, and his brothers, Dr. 
Roberts and Dr. Roberts. 

was member the American Railway Engineering Association, the 
Society American Military Engineers, the Reserve Officers’ Association, 
and the Congregational Church. 

Mr. Roberts was elected Associate Member the American Society 
Civil Engineers April 1904. 
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WILLIAM WHITE ROUSSEAU, Assoc. Am. Soc. E.* 


28, 1935 


William White Rousseau was born Troy, Y., April 18, 1873, the 
son William White Rousseau, Sr., and Jeannette (Parker) Rousseau. 
received his early education the schools Troy and the Troy 
Academy. entered Rensselaer Polytechnic Institute 1891, and was 
graduated June, 1895, with the degree Civil Engineer. 

Following his graduation, Mr. Rousseau was employed the Engineering 
Department the Delaware and Hudson Railroad Company, Albany, Y., 
until June, 1896. From June, 1896, January, 1897, was charge 
dike construction Corning, Y., under the late Palmer Chamberlaine 
Ricketts, Hon. Am. From 1897 the date his death was 
member the Faculty Rensselaer Polytechnic Institute, holding, suc- 
cessively, the positions Instructor, Assistant Professor, and Associate 
Professor Surveying, Railroad Engineering, and Forestry. For the past 
fourteen years Professor Rousseau had been Faculty Adviser Athletics, 
controlling the financial and eligibility conditions athletics, maintaining 
cordial relations between the Faculty and the students under trying condi- 
tions, and gaining the love and esteem both. 

Professor Rousseau was Superintendent Construction the Troy 
Water-Works from February, 1907, January, 1913. was also mem- 
ber the firm Breese, Rousseau, and Company, Real Estate and Insurance 
Agents. was member the Rotary Club, the Troy Chamber 
Commerce, having served, one time, one its Directors, and various 
organizations. was member the Rensselaer Society 
Engineers, Sigma Xi, and Tau Beta Pi. 

was the Treasurer and Organist the Church the Holy Cross, 
Troy, which unique having had until this year (1935), only two rectors 
and two organists from the time its organization, Professor Rousseau suc- 
ceeding his father organist, their combined services covering period 
ninety-one years. 

Professor Rousseau was married June 1901, Frances Hardy, 
Troy, who, with their two children, Parker and Ruth Rousseau, survives 
him. 

His kindly nature and willingness help all with whom came con- 
tact made for him host friends who mourn his passing. teacher, 
citizen, and Churchman, gave himself the service his fellow men, 
and has doubtless received the reward: “Well Done, Thou Good and Faithful 
Servant, Enter Thou into the Joy Thy Lord.” 

Professor Rousseau was elected Associate Member the American 
Civil Engineers December 1908. 
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WILLIAM DWIGHT SAMPLE, Assoc. Am. Soc. 
Diep January 1935 


William Dwight Sample was born Granville, Ohio, October 13, 
was the son John and Virginia (Hughes) Sample. was 
graduated from Denison University the Class 1902, and 
was member the Chapter Sigma Chi and Phi Beta Kappa. 

His entire life was spent engineering atmosphere, his father having 
been for many years official the Engineering Department the Pennsyl- 
vania Railway Company. His mother was sister Lieutenant Hughes, 
U.S.N., who was command the U.S.S. the Battle Manila Bay. 

After his graduation from Denison, Mr. Sample was employed the 
Engineering Department the Cleveland and Pittsburgh Division 
the Pennsylvania Railroad and, later, was engaged with the Southern Rail- 
way Company, Alabama and Mississippi, new railway location. 

1907, together with several his brother engineers, was called 
Brazil for the location and construction the Paulo-Rio Grande Railway, 
subsidiary the Brazil Railway System. The work consisted location 
through little known country south the Rio Iguassi and down the 
Rio Peixe, through Indian country, the River Uruguay. 

the completion this location 1909, Mr. Sample left this Company 
assist the location the Railway, the Upper Amazon 
country, between Porto Velho and Mirim, which was then under way. 
remained this work until the location was finally finished the end 
the line Mirim, the Mamoré River, 1910. 

1910 and 1911, was engaged the construction the Mexico 
Western Railway the State Chihuahua Resident Engineer and, later, 
Assistant the Chief Engineer. This period was during the first Mexican 
Revolution under Francisco Madeira and Pancho Villa, and was due 
great part his efforts that the construction work the railway could 
carried during this time. 

1912, Mr. Sample returned Brazil, and was connected with the loca- 
tion the railways the State Rio Grande Sul and, 1913, went 
Paulo, Brazil, the capacity Field Engineer with The Paulo 
Tramway, Light, and Power Company, Limited, the construction the 
Sorocaba Power Plant. 

When war was declared 1914 was among the first volunteer for 
service and left Paulo for England with group his English friends. 
their arrival London, Mr. Sample enlisted the famous Rifle Brigade 
and served with this Regiment throughout the World War. was active 
service the western front France from early 1915 until the spring 
1918 when was badly wounded and sent hospital England. 

received his discharge 1919, and returned the United States 


underwent several operations his leg which had not healed prop- 
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erly and, fact, left him lame for the remainder his life. was able, 
however, return his engineering work. 

went back Brazil with The Sio Paulo Tramway, Light, and Power 
Company, Limited, 1920 Field and Construction Engineer, and assisted 
many hydro-electric developments, among others, the large Parahyba River 
Plant, Ilha, State Rio Janeiro, and for the past ten years had been 
connected with the great Serra Development, the State Paulo. 

During his long period residence Brazil Mr. Sample made host 
friends, and his passing deeply felt all who knew him. 

His entire active life was spent the field amid the hardships usually 
encountered this class work, especially wild and country; 
but through all remained keen active engineer, date his pro- 
fession and loved his associates and friends all walks life for his 
kindliness, loyalty, and his ready helping hand those trouble. 

never married and was the last his immediate family. The epitaph 
his tombstone Paulo, Brazil, where lies, reads: 


“In 
anp 


Mr. Sample was elected Associate Member the American Society 
Civil Engincers December 1908. 


GORDON EARL SISSONS, Assoc. Am. Soc. 
Diep 1935 


Gordon Earl Sissons was born Vina, Calif., March 14, 1892. His 
parents were French descent, and after finishing his earlier education, 
attended The Polytechnique School Engineering, Paris, France, from 
which was graduated 1914 with the degree Bachelor Science 
Civil Engineering. 

Upon his return California, Mr. Sissons secured position with the 
Vina Ranch Company pumping and irrigation project. Assistant 
the Chief Engineer, was responsible for surveying and mapping the terri- 
tory involved, ‘and for the design and construction pumping station and 
the various works connected with the irrigation tract approximately 

This assignment was completed about the time the outbreak the 
war between France and Germany. Responding the call the French 
blood his veins, Mr. Sissons enlisted with the Canadian Engineers, went 
overseas with the first contingent, Lieutenant, and was among those sub- 
jected the first gas attack the war. completed his war service 
November, 1918, Inspector and Testing Engineer with The 
Munitions Board Canada. 


prepared Timothy Williams, Assoc. Am. Soc. 
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From that time, Mr. Sissons’ experience was wide and varied, and included 
the supervision design and field work connected with the construction 
hydraulic developments, paper mills, steam and hydro-electric power layouts, 
and foundations all kinds, with many the large engineering concerns 
the United States and Canada. also served with The New York and 
New Jersey Bridge and Tunnel Commission (later, the Port New York 
Authority), the Holland Tunnel, and was engaged maintenance work 
mechanical plants, 

During the construction The Pennsylvania Railroad Terminal 
ments, Philadelphia, Pa., from 1928 May, 1931, acted Chief 
Design Squads the force The United Engineers and Constructors, 
engaged the study and design large section this work. The con- 
struction involved the use open caisson foundation work, and heavy steel 
and concrete superstructures. Considerable study was necessary developing 
methods means which the work could executed without interfering 
unduly with train movements. 

Since 1933 Mr. Sissons had held the position Senior Engineer charge 
the Department Health the Borough Richmond, New York, pro- 
jecting, supervising, and responsible charge all Department activities 
the Borough. His work received especial commendation from his superiors 
being well and economically planned and executed, under most difficult 
conditions. 

The gassing received during the World War had continuously under- 
mined his health, but refused heed the doctor’s warning that must 
have period complete rest collapse would result. His conscientious 
insistence carrying with his work 100% during the winter’s cold hastened 
his end which fought his feet long strength permitted. 

Mr. Sissons was keen judge men, and expected those working with 
him their fullest co-operation (however, never asked them more than 
would give himself). had little patience with shirkers, but was always 
ready help, any possible way, the man who was giving his best. 

will remembered his associates, not only able engineer, 
conscientious and painstaking unusual degree, but one who dealt 
fairly and squarely alike with superiors and subordinates. 

was married July 1921, Lillian Rickaby, Windsor, Ont., 
Canada, and survived his widow and son. 

Mr. Sissons was elected Associate Member the American Society 
Civil Engineers October 14, 1930. 


ALBERT ORANGE SMITH, Assoc. Am. Soc. 
Diep June 30, 1934 


Albert Orange Smith, the son Charles Albert and Isabella 
Smith, was born West Hartford, Vt., August 1877. After his 
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preparatory education, entered the University Vermont, Burling- 
ton, Vt., from which was graduated with the degree Bachelor Science 
Civil Engineering 1902. 

Mr. Smith worked Rodman for the New York Central Railroad Com- 
pany from May, 1897, June, 1898, and Transitman for the City Engi- 
neer Barre, Vt., from June September, 1898. From May, 1899, 
September the same year, was Chief Party for the Vermant Marble 
Company, and from July September, 1900, was employed Transitman 
the Rutland-Canadian Railroad Company. From June September, 
1901, Mr. Smith served Drartsman for Wilcox, Architect. was 
with the Lehigh Valley Railroad Company Draftsman from May, 1902, 
February, 1903, after which, until October that year, was engaged 
Transitman for the Erie Railroad Company. From October, 1903, 
May, 1905, served Transitman for the Ontario and Western Railroad 
Company. 

was May, 1905, that Mr. Smith came Suffolk County, New York, 
and began his work for Darling, Civil Engineer, Huntington, Long 
Island. 

March, 1906, decided open office for the private practice 
engineering and contracting Greenport, Three years later, was 
appointed County Superintendent Highways the Board Supervisors 
the County Suffolk, with headquarters Port Jefferson, Y., which 
position held until 1914. 1918, Mr. Smith was again named for that 
office and continued Superintendent Highways the County Suffolk 
until May 31, 1934, when was retired. 

His work this position was quite varied and demanded knowledge 
ail types road and bridge construction, drainage conditions and their 
remedies, and the ability approach people, order acquire rights 
way for all State highways and county roads the County. 

towns built their own concrete pavements from 1918 1930, under the 
direct supervision local engineers, with the approval plans, 
the County Superintendent. 1930, County Road System was inaugurated 
and, from that time, about miles reinforced concrete pavement was built 
each year. The plans and specifications for all this work were prepared under 
the direct supervision Mr. Smith, and the contracts were let him. His 
staff had increased thirty-one 1932, and Mr. Smith had established 
very efficient organization. 

Thirty-four bridges were built Suffolk County under Mr. Smith’s direct 
supervision. Plans and specifications were also prepared under his direction 
for the construction two high-level highway suspension bridges. One 
these bridges had 700-ft main span and two 350-ft side spans. The other 
had main span, and two 600-ft side spans. 

Mr. Smith had direct charge the construction the interlocking steel 
bulkheads, dredging, and rip-rapping, Shinnecock Canal, important 
connecting link the waterways Long Island, the total cost the work 
amounting approximately $200000. also prepared the specifications 
for air map Suffolk County, area 976 miles. 
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had many friends, and his fair and honorable way handling every 
situation won him fine reputation throughout Suffolk County. For 
more than twenty years had served Clerk the Board 
was Past Master the Port Jefferson Lodge, and M.; former 
President the Suffolk County Association Highway Superintendents, 
which had also served Vice-President; and Vice-President the Suffolk 
County Chapter the New York Society Professional Engineers. 
was member the First Presbyterian Church, Port Jefferson, 

Mr. Smith took active interest all civic affairs and was always work- 
ing for the betterment the community and for the country large. His 
passing was great loss the community and those who had the good 
fortune closely associated with him during his active career. The mem- 
bers his staff feel most keenly the loss his guiding spirit and his kindly 
interest their welfare. will always remembered for his sterling 
qualities engineer and gentleman. 

was married October 30, 1906, Susan Whiteman, Burlington, 
Vt. Mrs. Smith died January 29, 1933. survived two daughters, 
Eleanor and Ruth Smith, and his mother Mrs. Isabella Smith, 
Barre, Vt. 

Mr. Smith was elected Junior the American Society Civil Engi- 
neers May 1905, and Associate Member February 1909. 


EDWARD KING SMITH, Assoc. Am. Soc. E.* 


Diep Marcu 1935 


Edward King Smith, the son Thomas and Nellie (King) ‘Smith, 
was born Chicago, July 31, 1891. His early life was spent 
Beloit, Wis., where attended Beloit College. His professional education 
was obtained the University Wisconsin, Madison, Wis., from which 
was graduated 1914 with the degree Civil Engineer. 

Following his graduation Mr. Smith was appointed Instructor the 
Summer Surveying Camp the University Wisconsin and placed 
charge hydrography and triangulation work. the summer 1914, 
was appointed Assistant City Engineer Beloit. this capacity had 
charge all field work for major municipal improvements and, addition, 
was engaged the detailed design storm sewers. 

July, 1917, upon the entrance the United States the World War, 
entered the Army and was appointed Second Lieutenant the Signal Corps. 
While active service France, was placed responsible charge 
building camps, schools, hospitals, water supply structures, and repairing roads 
and buildings. spent some time the Signal Corps Photo Laboratory, 
Paris, France, and took keen interest this phase the work. 
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After his return the United States, Mr. Smith again took his duties 
Assistant City Engineer Beloit, and was charge plans and field 
work for special sewer construction and other improvements, was respon- 
sible for the design new sanitary sewerage system for the City Beloit, 
the estimated cost which was $400000. was also active the prepara- 
tion local Building Code which wrote collaboration with the State 
Building Engineer. 

1925, was chosen fill vacancy Assistant Manager the 
ways and Municipal Bureau the Portland Cement Association, Chicago. 
this executive capacity Mr. Smith was active engineering society work 
and prepared numerous articles for publication technical journals based 
upon his field observations projects the United States and Canada. 
took special interest airport improvement which field contributed 
valuable information. 

spite busy life, Mr. Smith was always unusually active the 
organizations which belonged and held numerous offices. served 
many committees and each contributed tirelessly his time and energy. 

was member the American Society Municipal Engineers, the 
Society American Military Engineers, the National Reserve Officers’ 
Association, and Captain, Engineers Reserve, Army. Mr. Smith was 
also member Advertising Men’s Post No. 38, American Legion, and 
served many important State and National Committees. was mem- 
ber the Hamilton Club, Chicago, and the Sons the American Revolu- 
tion. His fraternal affiliations included the Masonic Lodge, the Order the 
Eastern Star, the Knights Pythias, and the Benevolent and Protective 
Order Elks. 

His sudden death, while visiting his mother Beloit. was severe shock 
his many friends whom was affectionately knew “E.K.” 
survived his widow, Arline Smith, and his daughter, Nancy Frazer. 

Mr. Smith was elected Junior the American Society Civil Engi- 
neers November 1914, and Associate Member September 10, 1923. 


ASAHEL CLARK TOLL, Assoc. Am. Soc. 


Diep 22, 1934 


Asahel Clark Toll, the son Truman Mitchell and Harriet Toll, 
was born Baldwinsville, September 26, 1880, where received 
his Grammar and High After his graduation from High 
School, entered Leland Stanford, Jr., University, Palo Alto, Calif., for 
the course Civil Engineering, from which was graduated 1906, 


with the degree Bachelor 
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After his graduation from college, Mr. Toll was employed for two years 
the Bay Cities Water Company surveys and preliminary studies 
water supplies for San Francisco, Calif., and irrigation the San Joaquin 
Valley. Subsequently, for two years, was the City Engineer’s Office, 
San Francisco, studies for the Hetch Hetchy Water Supply 
and the design high-pressure water system and supplementary cisterns 
for fire protection, well the design and installation the main intercept- 
ing sewer for the city. During that time, also worked privately for the 
Consulting Engineer the City Attorney appraisal the properties 
the Spring Valley Water Company connection with suit for change 
water rates. 

Unfortunately, 1911, due impaired eyesight, Mr. Toll had, practically, 
give his professional activities, although continued engage 
surveying and building, while devoting most his time fruit-growing 
Puerto Rico where had made his home. 

Shortly before his death Mr. Toll had returned the practice his pro- 
and had been engaged the Puerto Rican Emergency Relief Admin- 
istration District Engineer for Guayama. While this position, through 
exposure tropical downpour, developed pneumonia which caused his 
death. 

Mr. Toll was man quiet manners, sedate, amiable, and friendly, and 
his death was felt all those who knew him. 

1912, was married Jane Bean, and survived his widow and 
two daughters, Harriet Toll and Jane Toll. 

Mr. Toll was elected Junior the American Society Civil Engineers 
March 1907, and Associate Member October 29, 1912. was 
prominent member the Puerto Rican Section the Society, having been 
its President during the year prior his death. 


JOSEPH INGHAM FRANCIS, Jun. Am. E.* 


Diep 22, 1934 


Joseph Ingham Francis was born Remsen, Y., September 22, 1905, 
the son Mr. and Mrs. George Francis. was graduated from the local 
High School 1923, and following some post-graduate work, entered Rens- 
selaer Polytechnic Institute, Y., choosing the four years’ course 
Civil Engineering. 

After his graduation 1928, Mr. Francis went with the Utica Gas and 
Electric Company Computer. The spring 1929 found him member 
the Maintenance Survey Corps the New York Central Railroad Com- 
pany, Weehawken, J., where seemed find the work enjoyed most. 


Memoir prepared Chase, Asst. Div. Engr., The R., Weehawken. 
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was combination field measurements tracks and bridges, buildings, 
and docks, with farm drainage and topographical surveys, from which the 
data are taken into the office for compilation, design, and maintenance 
reconstruction. 

Although had not passed his thirtieth year, was already man 
breadth and foresight—serious-minded and conscientious marked 
degree. seemed bent leaving stone unturned acquire the studious 
habits thought, observation, and performance which would mould his career 
into the form the greatest constructive value himself and others. 

Industrial upsets 1930 and the following years threatening engulf 
young men before they had started, seemed make but dent the 
determination “Joe” Francis face the cold facts and come through spite 
them. reasoned that was fault his, and pushed without 
the spur the extra financial appreciation which previous generations 
young graduates had expected and experienced. planned ahead and worked 
for the day when the young man worth while would come into his own, and 
did not relax the effort did many his discouraged contempo- 
raries. never faltered, but carried well the burden uncertainty. His 
faithfulness the performance the more important duties was matched 
only his devotion the demands the minor projects. 

his life outside his profession, Joseph Francis had been very active. 
every turn had joined hands with others help brighten their prospects 
may well assumed have done his level best and succeeded. His memory 
held the highest esteem those whose lives touched his. 

Associates and co-workers testify the vitality their colleague, and 
the extraordinary alertness his mind, acquisitive and inquisitive all the 
best senses the words. Untiring energy, buoyant spirit, and cheerful 
smile were his trade symbols, added healthy personality and honest 
effort elevate others his plane thought—that was Joseph Francis. His 
early death seemed incompatible with the wholesomeness his life. 

addition his parents, survived two sisters, several other 
near relatives, and host friends mourn his passing. 

Mr. Francis was elected Junior the American Society Civil Engi- 
neers October 26, 1931. 


FRANCIS ALBERT LANDRIEU, Jun. Am. Soe. 


Diep Aveust 1935 


Francis Albert Landrieu, the son Victor Firmin and Cerintha 
(Mackey) Landrieu, was born New Orleans, La., April 10, 1904. 
received his early education St. Philip School and the Warren Easton 
High School, New Orleans, and, 1925, was graduated from Tulane Univ- 


Am. 
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versity, New Orleans, with the degree Bachelor Engineering 
Engineering. 

Mr. Landrieu was employed from June, 1925, November, 1928, 
Draftsman for the Board Commissioners the Port New 
From November, 1928, September, 1930, was Designing Draftsman 
the Engineering Service Division the United States Navy, its Ports- 
mouth (Va.) Yard, and from September, 1930 February, 1931, was 
again employed the Board Commissioners the Port New Orleans, 
Structural Designer. 

From February, 1931, until his death August, 1935, was employed 
the offices the United States Engineers New Orleans and Crosse, 
Wis. the First New Orleans District, served Assistant Engineer 
charge bridge construction the Intercoastal Canal from February, 1931, 
October, 1933, when was transferred the St. Paul, Minn., District, 
where was engaged Assistant Engineer lock and dam 
Dam No. the Mississippi River below Crosse, Wis. August 
1935, just few days prior his death, Mr. Landrieu was promoted the 
rank Associate Engineer. His knowledge harbor his excep- 
tional ability structural designer, and his conscientious devotion his 
work, made his career structural engineer very promising, and should 
have attained prominent place his chosen profession, had his life been 
spared. 

was married 1926 Ethel Ann Sinclair, New Orleans, who was 
drowned with Mr. Landrieu when the approach span the bridge across 
the Mississippi River, Crosse, collapsed after the end-post the truss 
had been struck car which Mr. and Mrs. Landrieu were passengers. 
They are survived Francis Albert, Jr., and daughter, Charmigne 
Ann Landrieu. 

His disposition and pleasing personality endeared him all those with 
whom came contact, and his death sincerely regretted his many 
friends and associates. 

Mr. Landrieu was elected Junior the American Society Civil 
Engineers October 1926. 


PHILIP LANAHAN WELKER, Jun. Am. Soc. 


16, 1935 


Philip Lanahan Welker was born Baltimore, Md., June 23, 1905, 
the son Philip and Gertrude (Lanahan) Welker. After his preparatory 
education, entered Cornell University, Ithaca, Y., from which 
received the degree Civil Engineer upon his graduation 1928. 

June, 1929, Mr. Welker was appointed engineering position 
the office the District Engineer the Corps Engineers, United States 
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Army, New Orleans, La. served with that organization until January, 
1930, having been engaged various classes field work, notably 
Inspector the Willow Grove Levee, the Lucy Goldmine Levee, and the 
Convent Levee, and Inspector, Instrumentman, and Chief Party 
the Bonnet Carré Spillway, Sellers, La. 

Shortly after resigning from the office the District Engineer New 
Orleans, became associated with the Sanford and Brooks Company, 
Engineers and Contractors, Baltimore, Md., Norfolk, Va., and Charleston, 
was engaged Field Engineer number projects, including 
the Pennington Avenue Bridge, over Curtis Creek, Baltimore, Canton 
Railroad Pier No. 11, for the Baltimore Mail Steamship Company, the Nanti- 
coke River Bridge, Vienna, Md., the plant the Arundel-Brooks Concrete 
Corporation, the Patapsco River, and the construction the Bohemia 
River Bridge, Maryland. addition hia field work, Mr. Welker spent 
some time the office Sanford and Brooks designs and estimates. 
severed his connection with that firm January 1933. 

From December, 1933, March, 1934, served Junior Civil Engi- 
neer Civil Works Administration project the District Columbia 
Penitentiary, Lorton, Va., being engaged the design buildings, plumb- 
ing, heating fixtures, etc. addition, did the necessary field work, involv- 
ing the layout and leveling, and also made maps showing the location 
sewers, grades, etc. 

May Mr. Welker member the Division Geodesy 
the United States Coast and Geodetic Survey, and was engaged making 
computations the field observations secured triangulation, leveling, and 
geodetic astronomy. For brief period served the field Recorder 
and Observer triangulation party operating the vicinity the 
District Columbia. 

Because his marked proficiency the various classes geodetic work 
involving field observations, mathematical computations, and adjustments 
observations, was one the two engineers selected the Director the 
Coast and Survey carry triangulation along the Guatemala- 
Honduras Boundary. The assignment these two engineers was requested 
through the State Department Sidney Birdseye, Chief Engineer 
the Guatemala-Honduras Commission. After 
January, 1935, from the Coast and Geodetic Survey, Mr. Welker 
proceeded Guatemala, and reported for duty Lieut. Joseph Lushene, 
the other engineer the Coast and Geodetic Survey assigned the 
Guatemala-Honduras triangulation. 

Lieut. Lushene’s report the field operations carried Guatemala 
rated Mr. Welker very highly professional ability, leadership, 
sonal qualities. field work the triangulation along this boundary 
involved the measurement two base lines and the determination the 
astronomical longitude and latitude each two the triangulation stations 
near the ends the are. 

Lieut. Lushene returnéd the Washington, Office the Coast 
and Geodetic Survey, but Mr. Welker was retained the Boundary Commis- 
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sion make all the computations and adjustments involved the are 
triangulation. 

was engaged this work until late the summer 1935, when 
throat infection required treatment local hospital. The throat infection 
apparently subsided, became less active, and was believed that was 
the road speedy recovery. However, within short time, had 
relapse which alarmed his wife who was with him and the attending 
physicians that was placed aboard steamer sailing for New 
Upon arrival, was taken immediately the Touro Infirmary where 
received the very best medical attention. spite all that could 
done, passed away Decmber 16, 1935. His body was sent Baltimore, 
for burial Greenmount Cemetery. 

Mr. Welker’s untimely death was great shock his many friends and 
associates who considered him young engineer great promise, and who 
admired him for his many attractive personal qualities and high sense 
honor. spite his having been engaged Geodetic Surveying only 
comparatively short time, mastered some the most intricate phases it. 
noteworthy that majored Geodesy during his course Cornell 
University. failed secure, upon graduation, appointment the 
field force the Coast and Geodetic Survey, for which had applied, 
because defect his sight which required the use glasses. Since 
much the service field engineer the Coast and Survey must 
given aboard surveying ships, practically perfect eyesight required 
the part those receiving appointments. 

Mr. Welker was member the Society American Military Engineers 
and the Engineers Club Baltimore. 

was married Flora Mary, New Orleans, December, 1929, who 
survives him. also survived his mother, Mrs. Gertrude Lanahan 
Welker. 

Mr. Welker. was elected Junior the American Society Civil 
Engineers May 12, 1930. 


CHARLES GUY ELDREDGE, Affiliate, Am. Soc. E.* 


Diep 1933 


Charles Guy Eldredge was born Sabula, Iowa, January 10, 1886, 
the son Charles Guy Eldredge and Mary Elizabeth Eldredge. was 
graduated from Cornell College, Mt. Vernon, Iowa, 1908, where had 
specialized inorganic research and water purification. 

began his professional career Emergency Chemist with the Clinton 
Sugar Refining Company, Clinton, Iowa, under Dr. Bryant, Chief 
Chemist. 1909 and 1910, Mr. Eldredge served Chemist the Alturas 


MEMOIR GUY ELDREDGE 1717 


Gold Mining Company, Oakland, and 1910 and 1911, was 
Chemist Charge the Water Purification Plant, South Pittsburgh, Pa. 
Chemist Charge the Water Purification Plant, served the City 
Fort Worth, Tex., from 1912 November, 1913. From November, 1913, 
April 15, 1914, was the Canal Zone charge the Purification Plants 
for the Isthmian Canal Commission. 

Returning Fort Worth Mr. Eldredge again took the duty Chemist 
Charge the Water Purification Plant there, until 1918. During the 
World War, from January, 1918, May, 1919, First Lieutenant, Sanitary 
Corps, Army, was charge several water purification plants 
the American Expeditionary Force, Base Section No. Western France. 
After his discharge from the Army returned again Fort Worth, where 
from November, 1919, June, 1921, served Chief Chemist the Chemi- 
cal Department Terrell’s Laboratories. Mr. Eldredge then moved 
Vacaville, Calif., where from 1921 1931 devoted himself horticulture 
and chemical work for various public works concerns, and municipal plants. 

Guy Eldredge, modest, retiring, taciturn man, true scientist, skilled 
near perfection the details his chosen vocation, was respected all 
who knew him, and warmly beloved all his associates and intimates. 

pertinent anecdote will not amiss: Sometime the summer 
1918, after much correspondence and lavish cutting “red tape”, the 
“loan” Scientist Guy Eldredge the writer’s “Section” (in order that 
might take charge the various filtration and sewage disposal plants 
Brittany, “Base Section Number One”), this writer and the famous war 
correspondent, Peter Clark MacFarlane, returning together from inspec- 
tion trip water and sewer works the “Section”, were walking the 
principal thoroughfare St. Nazaire, when the writer incontinently left 
“Mac” and started keen, undignified (for Field Officer) run, toward 
tall, square-shouldered silhouette that appeared under street light. When 
MacFarlane caught up, found the writer tightly hugging the subject 
this memoir. The distinguished correspondent, Lieutenant Eldredge, and the 
Field Officer charge Water Supply and Sewerage then dined together 
(and “Mac” got fond Eldredge during the meal). “Mac” went his hotel, 
and the Field Officer took Lieutenant Eldredge his own camp quarters, not 
merely for the night, but “for the duration the war”, Army parlance 
has it. 

The intimate contact during that war period, cumulative several years 
theretofore, fortifies the writer paying this posthumous tribute good 
citizen, devoted husband and kind father, splendid scientist, efficient 
operator all public works entrusted his care, and Army officer without 
blemish his record. 

April 19, 1914, Mr. Eldredge was married Esther Sharpe, Vaca- 
ville, Calif. The result their ideal union three children: Angie Beth, 
Charles, and Doris, who, with his widow, survive him. 

Mr. Eldredge was elected Affiliate the American Society Civil 
Engineers June 1915. 
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SAMUEL MAGEE GREEN, Am. Soc. 


Diep Aprit 25, 1936 


Samuel Magee Green was born Philadelphia, Pa., August 1851, 
the son John and Mary (Pugh) Green. received his education 
Stephen Girard Institute (later, Girard College) Philadelphia, having been 
member the Class 1866. 

1866 when was years age, Mr. Green went Milwaukee, 
where, 1870, became Manager the railway equipment firm Pierce 
and Whaling. 

1872, Mr. Green entered the railroad contracting business with the late 
Stephen Harrison Am. Soc. E., under the firm name 
and Green, with office Milwaukee. This firm constructed large part 
the lines the Wisconsin Central, Northwestern, and “Soo” Railroads 
Wisconsin and Minnesota. The firm also built and owned the first horse-car 
street railway Milwaukee. 

Mr. Green became greatly interested gold, silver, and copper mining 
the late Eighties and early Nineties, and with Mr. Otto Mears built and 
owned the Durango and Leadville Railroad, Colorado. They also con- 
structed the original Durango Smelters, Durango, Colo., now owned the 
American Smelting and Refining Company. 

During this period, and until 1900, Mr. Green was actively engaged 
the real estate business Milwaukee. was also interested Foundry 
and Furnace Company that city. 

1901, again entered the railroad contracting business and built the 
Herrs Island Stock Yards, Pittsburgh, Pa., for the joint use the Penn- 
sylvania Railroad Company and the Pittsburgh Provision and Packing Com- 
pany. From 1904 1908, constructed the extension the Monongahela 
Railroad from Ache Junction Brownsville, Pa., and jointly with the 
Crossan Construction Company, the extension the same railroad from 
Brownsville Rices Landing, Pa. 

Immediately after the completion this work, Mr. Green became 
member the firm Green and Read. This firm constructed street 
railway line for the Irwin Traction Company, Irwin, Pa. 

During 1908 and 1909, Mr. Green constructed part the Long Island 
Railroad, from Jamaica Far Rockaway, Long Island, Y., and 1910 
and 1911, built extension the Chicago, Milwaukee, and St. Paul 
Railroad, Dedham, Iowa. This latter line was the last railroad contracting 
work that undertook. 

From 1911 until his retirement from active work 1921, Mr. Green waa 
engaged the real estate business Milwaukee. 

was married April 25, 1872, Harriet Harrison, Milwaukee, 
and survived his widow and three sons, Harrison Gardiner D., and 


*Memoir prepared Raymond Green, Esq., Wis. 
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Raymond W., and two daughters, Emma, and Bessie Green. died 
their sixty-fourth wedding anniversary. 

was well known Milwaukee and was one three surviving life 
members the Milwaukee Elks Club. was former Commodore the 
Oconomowoe (Wis.) Yacht Club. 

Mr. Green was elected Fellow the American Society Civil Engineers 
September 1888. 


HENRY CODDINGTON MEYER, Am. Soc. E.* 


27, 1935 


Major Henry Coddington Meyer, Civil War Veteran, Editor, and Pioneer 
Sanitary Engineering, died his home Montclair, J., March 27, 
1935, after short illness. was years old. 

Henry Coddington Meyer, the son Meyer Henry and Anne Maria 
(Price) Meyer, American citizens temporarily residing Europe, was born 
Hamburg, Germany, April 14, 1844. His maternal grandfather, 
Eliphilet Price, was Presbyterian clergyman who held pastorate Wap- 
pingers Falls, Y., while his father, native Denmark, was merchant 
New York City. received his training private schools Montclair, 
J., and Tarrytown and Yonkers, Y., and then entered the office 
his uncle, Coddington, manufacturer New York City. 

the outbreak the Civil War his parents would not allow him 
enlist and could not until became eighteen years age. 1862, 
enlisted the Second New York Cavalry, known the Harris Light, 
and served through most the Civil War, emerging with the rank 
Major and wound from which never entirely recovered. 

During the war served with his regiment through Pope’s Campaign 
until after the Battle Fredericksburg and, 1863, received saber wound 
Brandy Station. February, 1864, was commissioned Second 
Lieutenant the Twenty-fourth New York Cavalry, and, later, was made 
Captain, the Wilderness Campaign. saw service the Battles 
the Wilderness, Fredericksburg, Gettysburg, Spottsylvania, North Anna River, 
Cold Harbor, and the first assault the works Petersburg, Va., June 17. 
was during this engagement that was badly wounded. After assault 
the enemy’s works which the Union forces were repulsed, was reported 
Captain Meyer that officer his Company had been shot. Captain 
Meyer went back over the battle-field which corn had grown the height 
about foot, render assistance. found the man desperately wounded 
and lying face down the dirt. turned him over, brushed the dirt from 
‘his mouth and nose, propped his body corn hill, and left him. 
Captain Meyer was unable carry the officer had been suffering from 


prepared Henry Meyer, Jr., New York, 
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intermittent fever and was too weak so. was about leave 
him and return the Union breastworks, was shot the back, the bullet 
passing through his saber belt and through his body his shoulders, 
Captain Meyer crawled back the Union lines under fire from the enemy. 
reaching the breastworks, was too weak crawl over them and called 
out for help. Two soldiers jumped the top the breastworks, grabbed 
Captain Meyer the arms and hauled him place safety. result 
his wound spent eleven months hospital, and did not recover until 
some time after the war was over. Shortly after was wounded Captain 
Meyer was brevetted Major and was subsequently discharged for disability. 

For this deed, Major Meyer was awarded the Congressional Medal 
Honor for “distinguished gallantry action,” the citation reading: “During 
assault the enemy’s works, this officer rendered heroic assistance 
helpless brother officer the face heavy fire, thereby saving his life, 
and the performance this gallant act sustained severe wound.” 

After his recovery, Major Meyer returned the office his uncle, 
New York City, then leader the New York Shot and Lead Company, 
manufacturers shot and lead pipe. 1868, founded the Henry 
Meyer Company deal plumbing, and gas and steam fixtures, which 
later became the Meyer-Sniffen Company. 1883, gave active con- 
nection. with the concern, maintaining, however, his stock holdings and 
position the Directorate. 

1877, Major Meyer and other members his household suffered 
attack diphtheria. subsequently traced the disease the plumbing 
his house, which had vents for the escape sewer gases. Becoming 
interested the problem devised system plumbing remedy the 
defect. The next year, 1878, founded The Sanitary Engineer which later 
became the Engineering Record. This was authoritative publication 
its field, and was designed specifically for the discussion just such improve- 
ments for greater public health and comfort. One its first projects was 
competition for architects, which plans for improving the type tene- 
ment structures the standard 100-ft lots were submitted. This 
contest led degree public interest the subject which resulted 
the Tenement Act 1879, considerable improvement over the preceding 
regulations. This Act the New York State Legislature restricted the area 
the standard lot occupied building 65% the lot, instead 
90%, previously permitted. Major Meyer still stressed his first interest, that 
improving plumbing and embodying these series 
regulations which would make them mandatory. His interest this subject 
led the Plumbing Laws 1881, which, effective New York State, were 
the first the kind the United States, and still serve the basic structure 
which such laws are drawn. 

Major Meyer then turned another important question his day, the 
heating railway cars steam pipes from the locomotive. The railroad 
opposed him with the claim that was impossible impractical; 
demonstrated that could done. those days, railway cars were con- 
structed wood, and were heated stoves. Some railway operators allowed 
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their roads deteriorate the point where wrecks were frequent and disas- 
trous. The wooden cars often were set fire overturned stoves, and the 
passengers died the flames. Again, the instance plumbing, 
New York State led the nation legislation forbidding the use stoves 
cars, and Major Meyer was one its principal advocates. 

1884, Major Meyer published book called “Water Waste Prevention.” 
This work, and constant discussion the necessity for water conservation, 
did much minimize the prejudices met water-works authorities along 
lines eliminating waste. 

The Engineering Record was under Major Meyer’s supervisory Editorship 
for twenty-five years until, 1903, was sold Mr. James McGraw. 
the Engineering News-Record, still published the McGraw-Hill 
Company. 

Within few years his return from the Civil War, Major Meyer was 
married Charlotte English Seaman. Mrs. Meyer died 1915, and some 
time later, Major Meyer married her cousin, Mrs. Gertrude Seaman Merrill, 
Mrs. Meyer and two sons, Henry Coddington Meyer, Jr., and Francis Thurber 
Meyer, survive him. 

was member the Century and Union League Clubs, New York 
City, and the Military Order the Loyal Legion. 

Major Meyer was elected Fellow the American Society Civil 
Engineers October 22, 1885. 
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VOLUME 101 


SUBJECT INDEX 


ADDRESSES. 


Presidential Address the Annual Convention Portland, Oregon, July 15, 
1936. Daniel Mead. 1483. 


AMERICAN SOCIETY CIVIL ENGINEERS. 


“The Engineer and His Code”: Address the Annual Convention, Port- 
land, Oregon, July 15, 1936. Daniel Mead. 1483. 


ARCHES. 
See DAMS. 
ASPHALT. 


“Some Low-Temperature Characteristics Bituminous Paving Compo- 
Skidmore. (With Discussion.) 1135. 


BEAMS. 


“Elastic Properties Riveted Connections.” Charles Rathbun. (With 
Discussion.) 524. 


“Structural Beams Torsion.” Inge Lyse and Bruce Johnston. 857. 
Discussion: Westergaard and Mindlin, Joseph Rey- 
nolds, Harold Wessman, Seely and Putnam, Wilhelm 


Werner, Ehasz, Roop and John Letherbury, and Alfred 
Waidelich. 897. 


BIBLIOGRAPHY. 


Current articles underground corrosion. 824. 
List references structural beams torsion. 892. 
List references the silt problem. 247. 


BITUMEN. 
See ASPHALT. 


BRIDGES. 


“Analysis Multiple Arches.” Alexander Hrennikoff. 388. Discussion: 
and Eremin. 406. 

“Weights Metal Steel Trusses.” Waddell. Discussion: 
Arthur Shaw, Joseph Shryock, Albert Reichmann, Robert 
Abbett, George Diehl, Jonah, Clarence Foight, 
Fuller, William Wilbur, Downey, Grant, Theron 


Ripley, Kennard Thomson, Allen, and John Venable 
Hanna. 12. 
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CANALS. 


“Proposed Improvement the Cape Cod Canal.” Harwood. 1440. 
Discussion: Jarvis, and George Rich. 1476. 


CEMENT. 


“Stabilizing Constructed Masonry Dams Means Cement Injections.” 
Cole. (With Discussion.) 714. 


COLUMNS. 


“Rational Design Steel Columns.” Young. 422. Discussion: 
William Osgood, Alfred Niles, Baker, DeBlois, Marvin 
Durant, Hartmann, Edward Godfrey, and Wyly. 452. 


CONTRACTORS’ PLANT. 


“Stabilizing Constructed Masonry Dams Means Cement Injections.” 
Cole. (With Discussion.) 714. 


CORROSION AND PROTECTION METALS 


“Frictional Resistance Artificially Roughened Pipes.” Victor Streeter. 
(With Discussion.) 681. 

“Underground Corrosion.” Logan. 811. Discussion: Thomas 
Wolfe, John Baylis, Fetherstonhaugh, John Skinner, and 
Speller. 826. 


COSTS WORK. 
Cost estimates improving Cape Cod Canal. 1454. 
Cost Springwells Filtration Plant, Detroit, Mich. 379. 
Costs stabilizing constructed masonry dams. 719. 


DAMS. 

“Analysis Thick Arch Dams, Including Abutment Yield.” Philip Cravitz. 
501. Discussion: Nelidov, and Floris. 514. 

Building check dams California. 1347. 

“Photo-Elastic Determination Shrinkage Stresses.” Howard Smits. 
(With Discussion.) 927. 

“Stabilizing Constructed Masonry Dams Means Cement Injections.” 
Cole. 714. Discussion: Oren Reed, Fergusson, Joseph 
Wright, Charles Comstock, Minear, and James Hays. 752. 

“The Stress Function and Photo-Elasticity Applied Dams.” John 
Brahtz. 1240. Discussion: Silverman, Fred Plummer, Arshag 
Solakian, Lars Jorgensen, Elmer Bergman, and Krynine. 
1278. 


DRAINAGE. 
“Flood and Erosion Control Problems and Their Solution.” Courtlandt 
Eaton. (With Discussion.) 1302. 
“Relation Between Rainfall and Run-Off from Small Urban Areas.” 
Horner and Flynt. (With Discussion.) 140. 
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EARTH PRESSURES. 


“Distribution Stresses Under Foundation.” Cummings. (With 
Discussion.) 1072. 


ECONOMICS. 


“Weights Metal Steel Trusses.” Waddell. (With Discussion.) 


ELECTRIC POWER PLANTS. 
See POWER PLANTS. 


ENGINEERS AND ENGINEERING. 


“The Engineer and His Code”: Address the Annual Convention, Port- 
land, Oregon, July 15, 1936. Daniel Mead. 1483. 


‘ 


EROSION. 


“Flood and Erosion Control Problems and Their Solution.” 
Eaton. (With Discussion.) 1302. 


ETHICS. 


“The Engineer and His Code”: Address the Annual Convention, Port- 
land, Oregon, July 15, 1936. Daniel Mead. 1483. 


EXCAVATION. 


Excavation methods used improving Cape Cod Canal. 1461. 


FILTRATION. 


“The Springwells Filtration Plant, Detroit, Michigan.” Eugene Hardin. 
344. Discussion: Stephenson, and Robert Spurr Weston. 383. 


FLOODS. 


“Flood and Erosion Control Problems and Their Solution.” Courtlandt 
Eaton. 1302. Discussion: Arthur Pickett, Davenport, 
and Kraebel, and Donald Baker 1331. 

“Flood-Stage Records the River Nile.” Jarvis. 1012. Discussion: 
Halbert Gillette, Davenport, Hurst, Thomas Means, 


Beardsley, Stevens, Jesse Shuman, and Kamel Osman 
Ghaleb. 1031. 


FLUMES. 


“Adaptation Venturi Flumes Flow Measurements Conduits.” 
Harold Palmer and Fred Bowlus. 1195. Discussion: 


Hopkins, Hunter Rouse, Engel, Stevens, and Filippo 
Arredi. 1217. 
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FOUNDATIONS. 


“Analysis Thick Arch Dams, Including Abutment Yield.” Philip Cravitz. 
(With Discussion.) 501. 

“Distribution Stresses Under Foundation.” Cummings. 1072. 
Discussion: Clement Williams, Krynine, Wilcoxen, 
Marshall Findley, Biot, Jacob Feld, George Paaswell, 
grande. 1084. 


“The Stress Function and Photo-Elasticity Applied Dams.” John 
Brahtz. (With Discussion.) 1240. 
FRICTION. 


“Frictional Resistance Artificially Roughened Pipes.” Victor Streeter. 
(With Discussion.) 681. 


GEOLOGY. 
“The Silt Problem.” Stevens. (With Discussion.) 207. 


GRAPHICAL CHARTS. 


“Analysis Thick Arch Dams, Including Abutment Yield.” Philip Cravitz. 
(With Discussion.) 501. 


GROUTING. 


“Stabilizing Constructed Masonry Dams Means Cement Injections.” 
Cole. (With Discussion.) 714. 


HYDRAULIC JUMP. 


“The Hydraulic Jump Terms Dynamic Similarity.” Boris Bakh- 
meteff and Arthur Matzke. 630. Discussion: Hunter Rouse, Sher- 
man Woodward, Robert Kennedy, Standish Hall, Morrough 
Nolan Page, Andrei Ivanchenko, Mavis and Andreas Luksch, 
and Nelidov. 630. 


HYDRAULIC LABORATORIES. 


“Hydraulic Laboratory Results and Their Verification Nature.” Herbert 
Vogel. 597. Discussion: Heavey, Chilton Wright, Paul 
Reinecke, Morrough O’Brien, John Jameson, Jr., Stevens, 
Paul Thompson, and Samuel Shulits. 614. 
HYDRAULICS. 


See WATER, FLOW OF. 


JOINTS. 
See RIVETED JOINTS. 
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LEVELING. 


“The Adjustment Level Net.” George Dell. 834. Discussion: 
Earl Church, and Rayner. 853. 


LOCKS. 


The lock versus open canal. 1452. 


MASONRY. 


“Stabilizing Constructed Masonry Dams Means Cement 
Cole. (With Discussion.) 714. 


MATERIALS CONSTRUCTION. 


“Failure Theories Materials Subjected Combined Stresses.” Joseph 
Marin. (With Discussion.) 1162. 


MATHEMATICS. 


“The Stress Function and Photo-Elasticity Applied Dams.” John 
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